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FORE WORD 

The Mater i  a1 s  Charac te r i za t i on  Center (MCC) was es tab l ished a t  t h e  

P a c i f i c  Northwest Labora tory  t o  assemble a  standardized nuclear waste mate- 

r i a l s  data base f o r  use i n  research, systems and f a c i l i t y  design, s a f e t y  

analyses, and waste management decis ions.  This  c e n t r a l i z e d  data  base w i l l  be 

prov ided through themeans o f  a  Nuclear Waste M a t e r i a l s  Handbook. The f i r s t  

issue o f  the.Handbook w i l l  be publ ished i n  the f a l l  of  1981 i n  l oose lea f  f o r -  

mat so t h a t  i t  can be updated as a d d i t i o n a l  i n fo rma t ion  becunes ava i l ab le .  To 

ensure utmost re1 i abi 1 i ty ,  a1 1  mater i  a1 s  data appeari ng i n the Handbook w i  11 

be ob ta i  ned by standard procedures de f ined i n  t h e  Handbook and approved by an 

independent M a t e r i a l s  Review Board (MRB) comprised of m a t e r i a l s  exper ts  from 

Department o f  Energy 1  abo ra to r i  es and f run uni  ve rs i  t i es and i ndust ry .  

I n  the i n t e r i m  before p u b l i c a t i o n  o f  the Handbook the re  i s  need f o r  a 

r e p o r t  s u m a r i z i n g  t h e  e x i s t i n g  m a t e r i a l s  data on nuclear  waste forms. Th i s  

r e v i  w sunmarizes mater i  a1 s  p rope r t y  da ta  f o r  the nuclear waste forms t h a t  are 

being developed f o r  i m o b i l i z a t i o n  o f  h igh - leve l  r a d i o a c t i v e  waste. The 

i n fo rma t ion  was compiled f o r  the MCC ma in l y  by PNL s ta f f .  It i s  in tended t o  

be a  good representa t ion  o f  t h e  knowledge concerning t h e  p rope r t i es  o f  HLW 

forms as o f  March 1981. 

Some general comments about the content o f  the compil a t i o n  f 01 low: 

Organizat ion. The contents o f  t h i s  r e p o r t  are arranged according t o  

ma te r i a l s  proper ty .  Data f o r  as many d i f f e r e n t  waste forms as poss ib le  are 

inc luded f o r  each proper ty ,  bu t  i n  many cases t h e  data are preponderant ly  f o r  

b o r o s i l i c a t e  glass because t h a t  waste form has been so much more thorough ly  

charac ter ized than t h e  others. For  t h e  sake o f  b r e v i t y ,  d e t a i l e d  waste fo rm 

composit ions are inc luded w i t h  the corresponding data  o n l y  when i t  i s  necessary 

f o r  c l a r i t y .  But users o f  data i n  t h i s  r e p o r t  are caut ioned t h a t  most waste 

form p rope r t i es  are q u i t e  composi t i on-dependent; thus source references f rom 

which t h e  i ndi  v i  dual mater i  a l s  composit ions can be obta ined are i n c l  uded w i t h  

a l l  the data. A t  the r i s k  o f  r e p e t i t i o n ,  t he  authors have 1  i s t e d  the  r e f e r -  

ences w i t h  each sec t ion .  



Radioac t ive  Waste Forms Included. Waste forms being developed f o r  the  

i m n o b i l i z a t i  on o f  h i  gh- level  waste are emphasized i n  t h i s  repor t ;  however, 

these waste forms may a l s o  f i n d  a p p l i c a t i o n  f o r  the immob i l i za t i on  o f  i n t e r -  

medi a t e - l e v e l  , t ransu ran ic  (TRU) and 1 ow-1 eve1 wastes. I t  - i s  very  important  

t o  emphasize t h a t  much o f  the  m a t e r i a l s  p rope r t y  da ta  compiled i n  t h i s  r e p o r t  

has been o b t  a i  ned f rom 1 aboratory-  prepared mater i 'a l  , of t e n  w i t h  nonradi o a c t i  ve 

iso topes s u b s t i t u t e d  f o r  the r a d i o a c t i v e  isotopes i n  actual  nuclear waste. For 

many o f  t h e  m a t e r i a l s  p rope r t i es ,  con f i rma to ry  data obta ined on waste forms 

f a b r i c a t e d  under r e a l  i s t i  c cond i t i ons  w i t h  rep resen ta t i ve  l e v e l s  o f  radioac-  

t i v i t y  are much t o  be desi red.  

Measurement Methods. Measurement methods used t o  o b t a i n  much o f  the mate- 

r i  a1 s p rope r t y  data are b r i e f l y  described i n  t h i s  repo r t .  These desc r ip t i ons  

are necessary because standard techniques have not  ye t  been adapted f o r  measur- 

i n g  many p e r t i n e n t  ma te r i  a l s  p r o p e r t i  es o f  nuclear  waste f orms. (f he MCC i s  

i n  t he  process o f  d e f i n i n g  such standard measurement techniques .) 

Re1 a t i  onship o f  Waste Form Mater i  a1 s P rope r t i es  t o  C r i t e r i a .  The o v e r a l l  

c r i t e r i a  t o  which nuclear  waste forms must be designed depend upon requirements 

s p e c i f i e d  by t h e  Environmental P r o t e c t i o n  Agency (EPA) and t h e  Nuclear Regul a- 

t o r y  Commissi on (NRC). The requirements of bo th  agencies, which are i n  the 

1 a te  d r a f t  stages, a l l ow  a great  deal of f l e x i b i l i t y  i n  waste f orm design 

s ince t h e y  set  s p e c i t i c a t i o n s  o n l y  on re lease  t o  the biosphere (EPAts drdft 

40 CFR 191) or f rom t h e  boundaries of a geologic  r e p o s i t o r y  (NRC's d r a f t  

10 CFR 60) .  The o n l y  requirements f o r  the waste form i t s e l f  are given i n  

d r a f t  10 CFR 60, and these are q u i t e  general i n  nature. The waste form s h a l l  

be: 

so l id  
a conso l ida ted  (no t  e a s i l y  d ispersed)  

noncombusti b l  e  

a nonexpl osi ve 

a nonpyrophoric 

c o n t a i n  no f ree -s tand ing  l i q u i d .  



Since there are no performance objectives for the waste form per se ,  developers 
of waste forms have tended to emphasize comparison of waste forms, e i ther  with 

properties of other waste forms or with the properties of materials known to  

exhi bi t  desirable 1 ong-term s t ab i l i t y .  
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1.0 INTRODUCTION 

Th i s  r e p o r t  i s  a  s ta te -o f - the -a r t  r ev i ew  of t h e  m a t e r i a l s  p r o p e r t i e s  o f  

t h e  n u c l e a r  waste forms t h a t  a re  be ing  developed f o r  t h e  i m m o b i l i z a t i o n  o f  

h i gh - l eve l  r a d i o a c t i v e  waste. The U.S. DOE and i t s  p iedecessor  agencies have 

had a  long-s tanding e f f o r t  i n  t h i s  f i e l d ,  as have s i m i l a r  governmental agen- 

c i e s  i n  most o t h e r  ma jo r  i n d u s t r i a l  n a t i o n s  of t h e  world.. Thus t h e r e  a re  a 

m u l t i t u d e  o f  waste forrns t h a t  have r e c e i v e d  a t  l e a s t  some development, and a. 

l a r g e  amount o f  m a t e r i a l s  da ta  on t hese  forms can be found  i n  t h e  l i t e r a t u r e .  

I t  i s  o n l y  i n  t h e  l a s t  5 t o  8 yea rs  t h a t  t h e  measurement of waste' fo rm prop- 

e r t y  da ta  has become r e l a t i v e l y  s o p h i s t i c a t e d ,  however; t hus  t h e  i n f o r m a t i o n  

compi led i n  t h i s  summary j s  s e l e c t e d  f r om t h a t  t i n ie  pe r i od .  

1.1 WASTE-FORM CATEGORIES 

The da ta  compi led i n  t h i s  r e p o r t  app l y  t o  f ou r  ma jo r  waste f o rm  catego- 

r i e s :  g lasses, h i gh - f  i r e d  c r y s t a l  l i n e  m a t e r i a l s ,  low-temperature c r y s t a l  1  i n e  

m a t e r i a l s ,  and composites. There a r e  many v a r i a n t s  w i t h i n  these  ma jo r  ca te -  

go r i es ,  and acronyms a re  o f t e n  used i n  t h e  l i t e r a t u r e  f o r  some o f  them. A  

b r i e f  d i s cuss ion  o f  t h e  waste f o rm  c a t e g o r i e s  and some o f  t h e  acronyms t h a t  

w i l l  be found i n  t h i s  c o m p i l a t i o n  f o l l o w s .  

Glasses. The preponderance o f  da ta  i n  t h e  c o m p i l a t i o n  i s  f o r  b o r o s i l i c a t e  

waste g l ass  f o r m u l a t i o n s  t h a t  a r e  processed a t  temperatures between about 950 

and 1 1 5 0 ~ ~ ~  because more development of t h i s  waste f o rm  has been done wor ldwide 

t han  o f  any o the r .  The g lasses  a r e  des igned t o  be c a s t ' a s  "mono l i t hs "  i n  

c y l i n d r i c a l  s t e e l  c a n i s t e r s  app rox ima te l y  3' m ' l ong  and rang ing  f r o m  approx i -  

ma te l y  0.3 m i n  d iamete r  f o r  HLW f r o m  t h e  commercial f u e l  c y c l e  t o  approx i -  

ma te l y  0.6 m i n  d iameter  f o r '  t h e  lower  hea t -p roduc ing  HLW f rom m i l i t a r y  

programs'. The p r i n c i p a l  v a r i a n t s  on t h e  b o r o s i  1  i ' ca te  g l a s s  f o r m u l a t i o n s  a re  

t o  reduce t h e  b o r i c  ox i de  con ten t ,  s u b s t i t u t i n g  alumina o r  more s i l i c i  i n  

o r d e r  t o  fo rm ulass-ceramic o r  h ig .h-mel t ing f o r m u l a t i o n s .  Glass-cer.amic waste 

forms. a re  purp.osely dev i  trif ied, o r  c r y s t a l  ized;. t o  i nc rease  thei-modynainic . 

s t a b i l i t y  and may c o n t a i n  50 vo l%  c r y s t a l s .  H igh-me l t ing  waste g lasses  would 

r e q u i r e  p rocess ing  temperatures o f  1350°c, o r  h igher ,  if processed by s tandard 



g lass -me l t i ng  technology,  b u t  techniques f o r  lower temperature p rocess ing  

u s i n g  porous g l a s s  m a t r i x  o r  so l - ge l  techno logy  a r e  be ing  developed. 

H ign-F i red  C r y s t a l l i n e  M a t e r i a l s .  T h i s  i s  a  l a r g e  ca tegory  o f  waste 

forms t h a t  has as i t s  common oenominator a  h i g h - f i r i n g  s tep,  a lmost  always 

above 800°c, and u s u a l l y  nea re r  1 2 0 0 ° ~ ,  t h a t  produces a  wate r - f ree  p roduc t  o f  

a lmost  t h e o r e t i c a l  d e n s i t y .  "SYNROC ( s y n t h e t i c  r o c k )  ,I' "super ca l c i ne , "  

" t a i l o r e d  ceramic"  and " t i t a n a t e "  waste forms belong i n  t h i s  category.  Hot- 

p ress ing ,  h o t  i s o s t a t i c  p r e s s i n g  (H IP ing) ,  and co ld -p ress ing  and s i n t e r i n g  a re  

among t h e  h i g h - f i r i n g  techn iques  u t i l i z e d  i n  t h e  manufacture o f  these  waste 

f or,ms . 
Low-Temperature C r y s t a l l i n e  Mate . These a r e  p r i n c i p a l l y  concrete-  

and clay-based waste forms which, because t h e y  r e t a i n  some chemica l l y  bound 

water,  a re  p robab l y  more s u i t a b l e  f o r  defense HLW than  f o r  t h e  h igher-heat -  

p roduc ing  commercial HLW. FUETAP, meaning conc re te  - formed - under - e leva ted  

temperature and p ressu re  i s  an acronym f o r  a  waste fo rm be long ing  i n  t h e  - - - 
ca tego ry  o f  low-temperature c r y s t a l l i n e  m a t e r i a l s  t h a t  w i l l  be encountered 

seve ra l  t imes  i n  t h i s  c o m p i f a t i o n  r e p o r t .  

Composites. T h i s  i s  a  l a rge ,  m u l t i f a r i o u s  waste-form category.  I t  

i n c l u a e s  cermet, c o a t e d - p a r t i c l e  and meta l -mat r i x  waste forms. Cermet and 

meta l -mat r i x  waste torms a r e  somewhat s i m i l a r ;  however, i n  cerrnees t h e  

d i s p e r s i o n  o f  waste p a r t i c l e s  i n  t h e  meta l  i s  on a  micrometer sca le ,  whereas 

i n  meta l -mat r i x  waste forms, l a r g e  p a r t i c l e s - - g e n e r a l l y  between 0.1 and 1 cm 

i n  diameter--are d i spe rsea  i n  t h e  meta l ,  which i s  g e n e r a l l y  a  l ea6  o r  aluminum 

a l l o y .  P a r t i c l e s  o f  any waste form, i n c l u d i n g  waste g l a s s  i n  t h e  f o rm  o f  

beads, can be d i spe rsed  i n  meta l  ma t r i ces .  Coated-par t i c le ,  o r  m u l t i b a r r i e r ,  

waste forms f e a t u r e  c o a t i n g s  o f  i n e r t  m a t e r i a l s  such as p y r o l y t i c  carbon, 

, s i l i c o n  carb ide ,  o r  a lumina on s p h e r i c a l  p a r t i c l e s  o f  a  co re  waste m a t e r i a l .  

The coa ted  p a r t i c l e s  a r e  I n  t u r n  d l spe rsed  i n  a  rrtetal r t ~ a t r i x .  

Recent r e fe rences  t h a t  desc r i be  t h e  v a r i o u s  waste forms i n  more d e t a i l  

i n c l u d e  DOEITIC-11219 (1980),  T r e a t  e t  a l .  (1980), and Shulz e t  a l .  (1980).  



1.2 IMPORTANT WASTE -FORM WTERIALS PROPERTIES 

A1 though the re  are no quant i  t a t i  ve performance c r i  t e r i  a f o r  HLW f oms, 

there  i s  general agreement on the m a t e r i a l s  p rope r t i es  t h a t  are important ,  and 

on t h e  f a c t  t h a t  changes. i n  these p rope r t i es  w i t h  time, as in f luenced by 

temperature and r a d i a t i o n ,  must be understood. For the purposes o f  t h i s  data 

compil a t i  on, t h e  mater i  a l s  p rope r t i es  are d i v i  ded i nto  seven major groupings. 

Physi ca l  Proper t ies .  These are bu lk  mater i  a1 s p roper t ies ,  such as d e n s i t y  

and thermal conduc t i v i t y ,  t h a t  are needed fo r .  bas ic  engineer ing desi gn of t h e  

waste management system; they  a f f e c t  r i s k  analyses o n l y  p e r i p h e r a l l y .  

Mechani c a l  P rope r t i es .  Waste forms are no t  s t r u c t u r a l  mater i  a1 s; thus 

t h e i r  mechanical p rope r t i es  are no t  o f  p r i n c i p a l  importance. But waste forms 

are requ i red  t o  be consol i dated and r e s i s t  ant t o  d i  s pe rs i  on ( i  .;e . , powders, 

a1 though so l  ids ,  a re  no t  acceptabl e waste forms). The mechani ca l  p rope r t i es  

measured on waste f oms  are d i r e c t e d  toward d e f i n i n g  t h e i r  coherence and 

impact res is tance.  

Chemical D u r a b i l i t y .  This  i s  the most important  waste form proper ty ;  ' 

waste f orms are desi gned t o  have t h e  maximum p r a c t i  cable chemi cal  durab i  1 i ty. 

Chemi cal  durabi 1 i t y  i s  usual l y  thought o f  as 1 each r a t e  o f  a given waste form 

i n  a water envi rorment, bu t  i t s  complete d e f i  n i  t i o n  requ i res  an understanding 

o f  other f a c t o r s  such as s o l u b i l i t y  c o n s t r a i n t s .  

Vapori z a t i  on. Vapori z a t i  on o f  r a d i  onucl i des f r a n  waste f . o m s  i s  a poten- 

t i a l  d ispers ion  pathway t h a t  must be considered i n  r i s k  analyses. D ispers ion  

by t h i s  pathway could occur i n  some accident  s i t u a t i o n s  i n v o l v i n g  h i  gh tempera- 

t u r e .  Analys is  o f  these accident scenarios requ i res  da ta  on the  i d e n t i t y  and 

amount o f  rad ionuc l ides  t h a t  can p o t e n t i a l l y  vaporize. 

Rad ia t ion  Ef fects.  Perhaps the most unique m a t e r i a l s  aspect o f  HLW forms 

i s  t he  h igh  l e v e l  o f  con t i nu ing  s e l f - i r r a d i  a t i o n  t h e y  w i l l  receive.  The 

e f f e c t s  o f  t h i s  i r r a d i a t i o n  f o r  thousands of yedt's . i n t o  the  f u t u r e  need t o  be 

understood. Accelerated techniques o f  producing r a d i  a t i o n  e f fec ts  are used t o  

es t imate  the 1 ong-term behavi or o f  waste form mater i  a1 s. 



Phase S t a b i l i t y .  Concomitant w i t h  s e l f - i r r a d i a t i o n  i s  se l f -hea t i ng ,  

which can cause phase t rans format ions  i n  c r y s t a l l i n e  waste forms and d e v i t r i -  

f i c a t i o n  o f  v i t r e o u s  waste forms. I t  i s  important  t o  know the  ex ten t  o f  these 

e f f e c t s  and whether o r  n o t  they  r e s u l t  i n  any degradat ion o f  waste form 

m a t e r i a l s  p rope r t i es .  

Data f o r  each o f  t h e  preceding seven major groupings are presented i n  t h e  

remainder o f  t h i s  r e p o r t .  The data are not a1 1- inc lus ive .  Instead t h e  

emphasis i s  on p r o v i d i n g  a  comprehensive sumnary o f  rep resen ta t i ve  ma te r ia l s  

p r o p e r t i e s  fo . r  a l l  o f  t he  waste forms f o r  which s u f f i c i e n t  good-qua l i t y  data 

e x i s t .  
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2.0 PHYSICAL PROPERTIES 

M. D. Merz 

The p h y s i c a l  p r o p e r t i e s  o f  waste forms depend on chemical  composit ion, 

manufactur ing technique, and s to rage  c o n d i t i o n s ,  i n  r a p i d l y  descending o r d e r  

o f  importance. 

The o v e r a l l  chemical  compos i t ion  of h i gh - l eve l  nuc lea r  waste forms i s  

determined by t h e  composi t ion '  o f  t h e i r  two p r i n c i p a l  components, 1 )  t h e  

s t a b i l i z i n g  i n e r t  c o n s t i t u e n t s  t h a t  a re  added t o  produce coherence and 

i n f l u e n c e  t h e  o v e r a l l  m i c r o s t r u c t u r e  and 2) t h e  nuc lea r  waste c o n s t i t u e n t s .  

The p r o p o r t i o n  o f  nuc lea r  waste c o n s t i t u e n t s  i n  t h e  waste fo rm i s  u s u a l l y  

expressed as "waste loading,"  i n  u n i t s  o f  we igh t  percen t .  The waste l o a d i n g  

of most waste forms i s  -33 w t % ,  b u t  i t  can. v a r y  w ide ly ,  f rom a  few pe rcen t  t o  

almost 100%. Waste . load ing  i s  n o t  an express ion  o f  r a d i o n u c l i d e  con ten t :  

a l though i m m o b i l i z a t i o n  o f  t h e  r a d i o n u c l i d e s  i n  nuc lea r  waste i s  t h e  r a i s o n  

d ' e t r e  f o r  waste forms, non rad ioac t i ve  i so topes  g r e a t l y  predominate i n  mass, 

e s p e c i a l l y  i n  defense HLW b u t  even i n  commercial HLW. Rad ionuc l ide  con ten t  

can be ob ta ined  o n l y  f rom d e t a i l e d  knowledge o f  t h e  compos i t ion  o f  t h e  waste 

and i t s  age, s i nce  t h e  . r ad ionuc l i de  con ten t  decreases w i t h  t ime. A good 

comp i l a t i on  of r e p r e s e n t a t i v e  nuc lea r  waste composi t ions was pub l i shed  

r e c e n t l y  by M i t c h e l l  (1980). 

The p h y s i c a l  p r o p e r t i e s  compi led i n  t h i s  s e c t i o n  were measured on 

laboratory-prepared'  specimens, b u t  a r e  thought  t o  be f a i r l y  r e p r e s e n t a t i v e  of 

m a t e r i a l s  t h a t  would be produced by t h e  proposed f u l l - s c a l e  manufac tu r ing  

techniques f o r  t h e  va r i ous  waste forms. An a d d i t i o n a l  caveat  i s  t h a t  t h e  

specimens d i d  n o t  c o n t a i n  a c t u a l  wastes; i n s t e a d  t h e y , c o n t a i n e d  "s imu la ted"  

wastes t h a t  use chem ica l l y  s i m i l a r  n o n r a d i o a c t i v e  s tand ins  f o r  t h e  rad io -  

nuc l ides .  Th i s  i s  n o t  thought  t o  d e t r a c t  f r om t h e  re levance  of t h e  data.  

E a r l  i e r  s t ud ies  have shown a  good correspondence between p h y s i c a l  p r o p e r t i e s  

measured on waste forms w i t h  s imu la ted  wastes and w i t h  wastes c o n t a i n i n g  t h e  

ac tua l  r a d i o n u c l i d e s  (Mendel and McElroy 1972). 



2.1 DENSITY OF WASTE FORMS 

Tab le  2.1 sumnarizes t h e  data concerning d e n s i t y  o f  waste forms. The 

measurements were almost always made by some v a r i a t i o n  o f  the  Archimedes/ 

buoyancy method. 

TABLE 2.1. Dens i ty  o f  Waste Forms 

Waste Form 

Glasses 

Density, g/cm 3 Reference 

Boros i 1 i cate 72-68 
hiqh rim: 26% wastc 

Mendel e t  a l .  1977 

Borosi  1 i cate 76-68 
3 X  waste load ing 

Mendel e t  a l .  lY// 

Boros i l i cate 76-183 
33% waste load ing 

Mer~del e t  a l .  1977 

Mendel e t  a l .  1977 Borosi  l i c a t c  76-375 
33% waste load ing 

Cels i an g lass  ceramic 
20% waste load ing 

W. Lutze e t  a l .  1979 

Fresno i te  g lass  ceramic W. Lutze e t  a l .  1979 

Healey e t  a l .  1979 Glass ceramic 
( c l a y  c a l c i n e )  

Borosi  1 i c a t e  glasses Guber e t  a l .  1979 ., 
Lutze e t  a l .  1979 Borosi  l i c a t e  glasses 

High-Fired C r y s t a l l i n e  Mater ia ls  

Hot-pressed o r  s i n te red  3.55 
PW-9 100% waste load ing 

Wald e t  a l .  1980 

Wald e t  a l .  1980 

Wald e t  a l .  1980 

Wald e t  a l .  1980 

Healey e t  a l .  1979 

Ramn ~ n d  Fcrcncry 1981 

S'i~rtet'cd PW-9/fr-it 2;21 
s~ waste load1 ng 

HIP PW-9 2.90 
100% waste 1 oading 

Sintered SPC-58 1.62 
50% waste load ing 

Ceramic ( p o l l u c i t e  from BP 1.71 
c l a y )  
SVWOC ~..yr.nl~~i I 

10% waste 

Cola-pressed 310 MPa 4.33 
hot  -p ressed 1252°C 
a t  6.9 tiPa 

S in tered 20 h r  4.12 

S l  n tered 5m t~r. 3.95 

Low-Temperature C r y s t a l l i n e  Mater ia ls  

Cement + 10% PW-9 waste 1.71 

Cement + 5% SPC-5B 1.85 

FUETAP concrete 15 t o  25% 1.bY t o  1.76 
waste sludge 

FUETAP concrete 0.9 t o  0 , 7  1.75 t.n 1.98 
water/cement 15% waste 

FUETAP (wet)  15% waste 2.17 t o  2.26 

Wald e t  a l .  1980 

Wald e t  a l .  1980 

Blanco aFd L o t t s  1980a 

Rlancn and Ln t t s  1980a 

Blanco and L o t t s  1980b 



2.2 THERMAL CONDUCT1 VITY 

Ranges o f  thermal  c o n d u c t i v i t y  o f  waste forms are g iven i n  Table 2.2. 

TABLE 2.2. Thermal Conduc t i v i t y  Ranges o f  Waste Forms 

Thermal Conduct i  v i t y ,  . . 
Waste Form W/m K Reference 

Glasses 

B o r o s i l i c a t e  glass. 0.84 t o  1.21 (25 t o  400°C) Mendel e t  a l .  1977 
72-68 

Borosi  1 i ca te  g l  ass 1.2 t o  1.4 L u t z e  e t  a1 . 1979 

Phosphate g l  ass 0.8 t o  1.2 Lutze e t  a l .  1979 

G l  ass-ceramic . . 1.2 t o  '1.4 
Cel s i  an and f resno l  t e  

Lu tze  e t  ,a1 . 1979 . . 

Low-Temperature C r y s t a l  1 i ne M a t e r i  a1 s 

H i  gh- a1 umi na 0.33. t o  1'.21 a t  1 0 0 " ~  Brookhaven N a t i  onal 
concre te  (HAC) 0.51 t o  0.63 at, 200°C Labora to ry  1974a; Col m b o  

e t  a1 . 1975; Stone 1977; 
' I P  conc re te  0.71 t o  0.86 a t  100°C Brookhaven N a t i  ona l  

0'.62 t o  0.92 a t .  200°C Labora to ry  1974b 

F UETAP 0.58 t o  0.80 B l  anco and L o t t s  1979 
Blanco and L o t t s  1980 

2.3 THERMAL EXPANS ION 

Thermal expansion c o e f f  i c i e n t s  f o r  waste forms measured ' by  convent iona l  

d i l  atometry are b r i e f l y  sumnarized i n  Table 2.3. 

TABLE 2.3.' Sumnary o f  Thermal Expansion Data 

Coef f i c i  ent  o f  
Waste Form Thermal Expansion, K-1 Reference 

Gl asses 

Boros i  1 i c a t  e g l  ass 
' 

8.0 t o  12.0 x 10-6 Guber e t  .a1 . 1979 
L u t  ze e t  a1 . 1979 
Mendel e t  a l .  1979 

Gl ass cerami c 8 t o  10 x 10-6' Lu tze  e t  a l .  1979 
Cel s i  an and f resno i  t e  

I .  

L & - ~ e m ~ e r a t u r e '  ~ r ~ s t a l l ' i n e  M a t e r i a l s  

S t r u c t u r a l  conc re te  9.9 x 10-6 
( w i t h  aggregate) 

Zol  dners 1971 
P o r t 1  and Cement 
Associ  a t  i on 1979 



REFERENCES 

Blanco, R. E. and A. L. L o t t s .  1979. High-Level Waste Program Progress Report 
f o r  J u l y  1, 1979 Through September 30, 1979. ORNL/TM-7118, Oak Ridge 
Na t i  onal Laboratory, Oak Ridge, Tennessee. 

Blanco, R. E. and A. L. L o t t s .  1980a. High-Level Waste Program Progress 
Report f o r  October 1, 1979 Through December 1, 1979. ORNL/TM-7253, Oak 
Ridge Na t iona l  Laboratory, Oak Ridge, Tennessee. 

Blanco, R. E. and A. L. L o t t s .  1980b. High-Level Waste Program Progress 
Report  f o r  January 1, 1980 Through March 31, 1980. ORNL/TM-7371, Oak Ridge 
Nat iona l  b a b ~ r a t o r y ,  Oak Ridge, Tennessee. 

Brookhaven Na t iona l  Laboratory.  1974a. Developnent o f  Durable Long-Tern 
Radi o a c t i  ve Waste Composite Ma te r i  a1 s, Progress Report No. 5, October= 
December 1973. BNL-19652, Upton, New York. 

Brookhaven Na t iona l  Laboratory.  1974b. Savannah River  Labora tory  Long-Term 
Waste Storage Program, Progress Report  No. 5, March-Apri l  1974. BNL-18978, 
9 

Colombo, P., M. Steinberg, and B. Manowitz. 1975. -..---..L-- Savannah R ive r  Labora- 
t o r y  Long-Term Waste Storage Program, Progress Report No. 8, October- 
December 1974. BNL -19673, Brookhaven N a t i  onal Laboratory, Upton, New York. 

Guber, W., M. Hussain, L. Kahl,  G. Ondracek, and J. Sa id l .  1979. "Prepara- 
t i o n  and Charac te r i za t i on  o f  an Improved High Level Radioact ive Waste (HAW) 
B o r o s i l i  cate G l  ass .I1 I n  S c i e n t i f i c  Basis f o r  Nuclear Waste Management, ed. 
G. J. McCarthy, Vol . 1, p. 37. Plenum Press, New York. 

I lealey, J. T., T. 5. Hcadlcy, P. F. H l  ava, D. M, Strachan, and M. J. Kupf er .  
1979. "M ic ros t ruc tu ra l  Charac te r i za t i on  o f  S o l i d i f i e d  Simulated Reactor 
Wasteforms." I n  S c i e n t i f i c  Basis f o r  Nuclear  Waste Management, ed. 
G. J. McCarthy, Vol. 1, p. 83. Plenum Press, New York. 

Lutze, W., J. Borchardt, and A. K. De'. 1979. "Charac ter iza t ion  o f  Glass and 
t lass ceramic ~ u c l e a r  Waste Forms." I n  S c i e n t i f i c  Basis f o r  Nuclear Waste , 

Manaaement. ed. G. J. McCarthv, Vo1. 1. D. 69. Plenum Press. New York. 

Mendel, J. E., e t  a l .  1977. Annual Report on the  C h a r a c t e r i s t i c s  o f  High- 
Level  Waste G l  asses. BNWL-2252, P a c i f i c  Northwest Laboratory, R i  ch l  and, 
Was h i  nyton. 

Mendel, J. E. and J. L. McElroy. 1972. Waste S o l i d i f i c a t i o n  Program, Vol- 
une 10, Eva1 u a t i  on o f  Sol i d i f  i ed Waste Products. BNWL-1666, P a c i f i c  
Northwest Laboratory, Richland, Washington. 



M i t c h e l l ,  M. E. 1980. Physical and Chemical Charac te r i s t i cs  o f  Candidate 
Wastes f o r  T a i l  ored Cerami cs. DOE/ET/41900-2, Rockwell I n t e r n a t i  onal , 
Canoga Park, C a l i f  o rn i  a. 

Por t  1 and Cement Associ a t i  on. 1979. Desi gn and Contro l  o f  Concrete Mix tures .  
12th ed. 

Ramm, E. J. and J. J. Ferenczy. 1981. "Impact Behaviour o f  SYNROC." - J. 
A u s t r a l i  an Ceramic Soci e t y  - 16(2).  

Stone, J. A. 1977. Evaluat ion o f  Concrete as a M a t r i x  f o r  S o l i d i f i c a t i o n  o f  
Savannah R i v e r  P l a n t  Waste. DP-1448, Savannah R i v e r  Laboratory, Aiken, 
South Carol ina.  

Wald, J. W., R. 0. Lokken, J. W .  Shade, and J. M. Rusin. 1980. Comparative 
Waste Forms Study. PNL-3516, P a c i f i c  Northwest Laboratory, Rich1 and, 
Was h i  ngton. 

Zoldners, N. G. 1971. Thermal P rope r t i es  of Concrete Under Sustained Elevated 
Temperatures. ACI Speci a1 Pub l i  ca t i on  25, American Concrete I n s t i t u t e ,  
D e t r o i t ,  Michigan. 



3.0 MECHANICAL PROPERTIES 

M. D. Merz 

Waste forms should remain as coherent  and m o n o l i t h i c  as p o s s i b l e  d u r i n g  

hand l ing  and t r a n s p o r t a t i o n  and when sub jec ted  t o  t h e  f o r c e s  r e s u l t i n g  f rom 

subsidence and o t h e r  processes i n  t h e  r e p o s i t o r y .  Thus, da ta  on bo th  impact 

and s t a t i c  s t r eng ths  a re  r e l e v a n t  t o  s e l e c t i o n  and p r e d i c t i o n  o f  performance 

o f  cand ida te  waste forms. F r a c t u r i n g  o f  t h e  waste f o rm  under impact o r  s t a t i c  

c o n d i t i o n s  increases t h e  su r f ace  area t h a t  i s  p o t e n t i a l  l y  a v a i l a b l e  ' f o r  leach- 

i n g  i n  t h e  event  t h a t  water  con tac t s  t h e  waste form. The amount o f  r e s p i r a b l e  

f i n e s  (usua l  l y  d e f i n e d  as p a r t i c l e s  w i t h  aerodynamic d iameters  t10 pm) produced 

du r i ng  t he ' impac t  f r a c t u r e  process i s  i n f o rma t i on  used i n  r i s k  assessments o f  

p o t e n t i a l  acc iden ts  i n v o l v i n g  t h e  waste form, p a r t i c u l a r l y  t r a n s p o r t a t i o n  

acc idents .  

3.1 IMPACT RESISTANCE 

Impact t e s t s  have been of two types, t e s t s  i n  which t h e  waste form'was 

cons t ra i ned  i n  a  c a n i s t e r . d u r i n g  impact and t e s t s  i n  which t h e  bare  waste f o rm  

was impacted. The l a t t e r  t e s t s  can be performed c o n v e n i e n t l y  i n  t h e  labora-  

t o r y  and a re  va luab le  f o r  comparison purposes; t h e  fo rmer  i n v o l v e  more r e a l i s -  

t i c  boundary c o n d i t i o n s  and more c l o s e l y  approximate r e a l  acc idents .  

3.1.1 Tests  o f  Can i s te r s  p l u s  Waste Glass 

Impact t e s t s  conducted by Smith and Ross (1975) on encapsulated waste 

g l ass  t e s t e d  bo th  t h e  c a n i s t e r  (304 L s t a i n l e s s  s t e e l )  and t h e  b o r o s i l i c a t e  

was te  g lass.  I n  t h e  t e s t s ,  10 cm l ong  x 5 cm d i a  and 150 cm l ong  x 15 cm d i a  

c a n i s t e r s  were impacted. The g lass  was a  non rad ioac t i ve  t ype  76-78 ( s imu la ted  

PW-4b-2) glass'. Impact v e l o c i t i e s  were as h i g h  as 13.2 mlsec (44  f p s )  f o r  t h e  

l a r g e r  c a n i s t e r s  and as h i g h  as 35 mlsec (117 f p s )  f o r  t h e  sma l l e r  c a n i s t e r s .  

Uata were a l s o  ob ta ined  f o r  t e s t  temperatures f rom 25 t o  4 2 5 * ~ .  

S iev ing  analyses were used t o  determine p a r t i c l e  s i z e  d i s t r i b u t i o n s .  The 

weight  f r a c t i o n  <10 rm was f o r  36 mlsec impact v e l o c i t y .  The s u r f  ace 

area increased by a  f a c t o r  o f  40 f o r  36 mlsec impact v e l o c i t y .  Other  da ta  f o r  

va r ious  impact v e l o c i t i e s  and t e s t  temperature were repor ted .  



3.1.2 Impact Tests o f  Small Waste Form Specimens 
. . 

Impact t e s t s  o f  smal l ,  bare waste forms have been performed, w i t h  the  

f i n e s  produced being analyzed by s iev ing ,  Cou l te r  count ing, o r  sedimentation. 

I n  these t e s t s  r i g h t - c i r c u l a r  c y l i n d e r s  o f  1 t o  3 cm leng th  and 1 t o  3 cm d i a  

were impacted and crushed by a f a l l i n g  weight i n c i d e n t  on the  f l a t . e n d  o f  t he  

c y l i n d e r s .  I n  some cases, m u l t i p l e  impacts were used t o  achieve des i red  t o t a l  

energy input ;  thus  the  t e s t s  a l so  i nvo l ved  a g r i n d i n g  i n t e r a c t i o n  subsequent 

t o  t h e  i n i t i a l  f r a c t u r e  by impact. 

Wallace and K e l l e y  used a he igh t  of 0.8 m w i t h  weights t o  2 kg. They d i d  

s i e v i n g  analyses between rliul t l p l e  impacts or1 the siilne sample t o  ob ta in  p a r t i c l e  

s i z e  d i s t r i b u t i o n s  versus i n p u t  energy. Analyses o f  p a r t i c l e s  t120 were 

done w i t h  a Cou l te r  counter.  

Bunnel l  used a h e i g h t  of 1.3 m w i t h  weights t o  18 kg. He used m u l t i p l e  

impacts b u t  analyzed o n l y  once f o r  p b r t i c l e  s i z e  on each specimen, a f t e r  t he  

f i n a l  impact. He concluded t h a t  m u l t i p l e  impacts were n o t  equ iva len t  t o  a 

s i n g l e  impact o f  t h e  same t o t a l  energy i n p u t  ( i n p u t  energy = energy of f a l l i n g  

weight  = weight x h e i g h t ) .  He' found t h a t  f i n e s  product ion  per  u n i t  energy 

i n p u t  was smal les t  f o r  a s i n g l e  impact. Bunnel l  used s iev ing  f o r  p a r t i c l e  

ana lys i s  a t  s izes  >44 um,and sedimentat ion analyses f o r  smal le r  p a r t i c l e s .  

S i m i l a r  t e s t s  were done by Ramm and Ferenczy on SYNROC ceramic. 

Mecham, P e l t o  and Ja rd ine  ( S t e i n d l e r  1980) have s tud ied  Pyrexe g lass  and 

have demonstrated t h e  occurrence of log-normal s i z e  d i s t r i b u t i o n s  f o r  crushed 

c y l i n d e r s .  They used a weight  of 0.88 kg a t  a he igh t  o f  1.92 m. No data  were 

repo r ted  on waste forms though t h e i r  ana lys i s  o f  Bunne l l ' s  da ta  on g lass frit 

demonstrates the a p p l i c a b i l i t y  o f  t he  log-normal s i z e  d i s t r i b u t i o n  t o  t h i s  

p a r t i c u l a r  waz te  farm. 

3 . 1 . 3  Impact D a t a  

Impact data are summarized below i n  Table 3.1. 

' @ ~ y r e x  i s  a r e g i s t e r e d  trademark o f  Corning Glass Works, Houghton Park, 
Corning, New York. 



TABLE 3.1. Impact Data 

Surface Area Surface Area 

Waste Type 

B o r o s i l i c a t e  
(72-68) 

ICM-11 
PW-7-2 
c a l c i n e  

B o r o s i l i c a t e  
g l ass  + 

sludge 

llAC concr.ete 

HAC + 40% 
sludge 

IP  conc re te  

I P  conc re te  
+ 40% 
sludge 

Type I 1  I 
concre te  + 

40% sludge 

SYNROC 
ceramic + 

10% waste 

S in te red  

Hot- 
pressed' 

impact Energy1 Impact W t %  F ines  
Vo 1 ume V e l o c i t y  t 1 0  pm 

Edge on. impact 7.6 mlsec 0.001 
a t  speed 
shown, can is -  36 mlsec 2 
t e r  + g l ass  

217 511.14 cm3 4.88 mlsec 2.4 

78 513 cm3 5 impacts o . o ( ~ )  
2 kg-0.8 m 

9 4 5 1 5 . 8 6 ~ 1 1 1 ~  5 i lnpdcLs 1 
2 kg-0.8 m 

94 515.68 cm3 5 impacts 0.1 
2 kg-0.8 m 

94 516.13 cm3 5 impacts 0.15 
2 kg-0.8 m 

94 515.65 cm3 5 impacts 0.4 
2 kg-0.8 m 

94 515.80 cm3 5 impacts 0.53 
2 kg-0.8 m 

Produced Increase 
Impac t  Energy ( r a t i o  newlo ld)  Reference 

1.3 t o  3 sm i t h  and Ross 
1975, pp. 76, 

10 t o  100 81 

9.5 cm2/5 . 58 ' Wal lace and 
K e l l e y  1976 

7.3 c rn21~ 39 Uai  lace and 
. K e l l e y  1976 

28.9 cm2/5 154 Wal lace and 
K e l l e y  1976 

10.3 cm215 5 5 Wal lace and 
K e l l e y  1976 

19 cm215 103 ' wa 11 ace and 
K e l l e y  1976 

25.3 cm215 136 Wal lace and 
K e l l e y  1976 

R a m  and Ferenczy 
1980 

( a )  No <lo-um p a r t i c l e s  were found. 
(b) n.r. = n o t  repor ted .  

3.2 STATIC STRENGTH 

Both the t ens i l e  and compressive strengths of several waste forms have 

been measured and reported in the l i te ra ture .  

3.2.1 Tensile Strength 

Tensile strength data have been reported for  concrete, sintered ceramic, 

glass ceramic and glass (Wald e t  a l .  1980; P la t t  1974; McElroy 1974a,b; Roy 

and Gouda 1974). 

In these t e s t s ,  small cylinders (1.3 .cm dia  x 1.3 cm length were com- 

pressed (spl  l t t l ng  t e n s l l e  t e s t ) ,  and. the tens1 l e  strengths were derived from 
the fracture load. These strengths are l i s t ed  in Table 3.2. 



TABLE 3.2. Tensile Strength f o r  Various Waste Forms 

Waste Form 
Cement + 10% PW-9 
calc ine  powder 
Cement + 10% SPC-5B 
Supercalci ne 
s i  ntered ceramic 
SPC-5B 
S i r ~ l e r e d  cer.hai'i c 
50% f r i t  + 50% PW-9 

Sintered ceramic 
PW-9 

Hot -pressed 
s i  ntered ceramic 
PW-9 
Gl ass ceramic 
20% PW-9 

Gl ass 
76-68 

Tensile Strength, 
MP a 
8.34 

3.2.2 Compressive Strength 

Considerable data have been reported on the  compressive strength of var i -  
ous concre.tes (Savannah River Laboratory 1974a,b,c; Stone 1977; BNL-18978; 
Berreth e t  a l .  1976; Roy and Gouda 1974; Blanco and Lotts 1979a,b,c, 1980; 
Moore 1979) in which the  var ia t ions  of strength with waterlcement r a t i o s ,  
curing time, curing condit ions,  sludge content, pressure impos@d during curing 
and type of cement were measured. The data are  sumnarized in Table 3.3. 

Other s tudies  on concrete cured without pressure show a Becvease I n  normal 
concrete strength with increasing sludge content from about 62 t o  90 MPa a t  0% 

sludge t o  10 t o  40 MPa a t  40% sludge (Stone 1977). Variables reported t o  have 
an e f f e c t  on strength were waterlcement r a t i o  (Stone 1977), cur,ing time 

(SRL 1974c), curing conditions (SRL 1975) and sludge content (SRL 1974a,b,c; 
SRL 1975; Plodinec 1977; Stone 1977): Sludge content had the  strongest  e f f e c t  
on s t rength.  
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.-' TABLE 3.3.. Compression St re r lg th  Ranges o f  FUETAP f o r  

Processing and Composit ion Va r i  a t i ons  

St rength  Range, 
Waste Forms Parameter Va r i  a t i o n s  MP a Refer  en ce 

FUETAP 
10% s i mu1 at  ed 
waste 

. FUETAP 
10% s i  mu1 ated 
waste 

F UETAP 
15% simul ated 
waste 

F UETAP 
Var i  ab le 
simul ated 
waste 
content  

F UETAP 
10% s i  mu1 ated 
waste 

Cur ing  temp. 
100 t o  250°C 

Pressure 
0.1 t o  4.1 

Water/concrete r a t i o  
0.9 t o  0.7 

Waste sludge 
10 t o  20 w t %  

F l y  ash 
7.5 t o  27 w t %  

Cement type ' . 

Type 1 

Type 3 
High alumina 

Blanco and 
L o t t s  1979a 

Blanco and 
L o t t s  1979b 

Blanco and 
L o t t s  1980 

Blanco and 
L o t t s  1979c 

Blanco and 
L o t t s  1979c 

Moore 197'9 
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4.0 CHEMICAL DURABILITY 

J. E. Mendel, J. H. Westsik, Jr., and D. E. C la rk  

Chemical d u r a b i l i t y  of r a d i o a c t i v e  waste forms r e f e r s  t o  t h e i r  r e s i s t a n c e  

t o  reac t i ons  w i t h  water. Chemical durab i  1  i t y  i s  important.  because radionu-  

c l i d e s  removed from the  waste form by r e a c t i o n  w i t h  water can s l o w l y  d i f f u s e  ' 

away f rom the  waste form i n  s t a t i c  water o r  be t ranspor ted  'away more r a p i d l y  

i f  t h e  water i s  moving. The waste management system i s  designed t o  p revent  

con tac t  o f  the  waste form w i t h  water u n t i l  t h e  waste has remained bu r i ed  i n  a  

geo log ic  r e p o s i t o r y  f o r  hundreds o f  years, and even then t h e  system w i l l  m i n i -  

mize the  amount o f  water t h a t  can reach t h e  waste form. However, because water 

i s  one o f  t h e  main p o t e n t i  a1 rou tes  f o r  d i spe rs ion  of rad ionuc l i des  f rom t h e  

waste, e i t h e r  i n  an acc ident  o r  a f t e r  l ong  per iods  i n  t h e  repos i t o ry ,  chemical 

d u r a b i l i t y  has been a  major cons ide ra t i on  i n  t h e  development o f  r a d i o a c t i v e  

waste forms. 

Several  r eac t i ons  can occur between water and r a d i o a c t i v e  waste forms. 

The r e s u l t a n t ,  o v e r a l l  r e a c t i o n  i s  c a l l e d  " leaching," and t h e  chemical dur -  

a b i l i t y  of waste forms i s  determined by measuring " leach ra tes . "  Because many 

d i f f e r e n t  procedures are being used t o  measure leach rates,  comparison o f  

leach- ra te  data i s  d i f f i c u l t .  Al though a l l  t h e  procedures i n v o l v e  con tac t  

between water and a  waste-form specimen, d  i f f  erences occur i n  t h e  apparatus, 

mode of contact ,  specimen prepara t ion ,  1  eachant composit ion, temperature, 

pressure, and the  thoroughness w i t h  which t h e  va r i ab les  are c o n t r o l l e d  and 

documented. 

4.1 USES OF CHEMICAL-DURABILITY DATA 

Chemica l -du rab i l i t y  ( o r  leach r a t e )  data serve severa l  purposes; these 

uses r e q u i r e  da ta  o f  vary ing  r i g o r .  Sometimes data ob ta ined i n  r e l a t i v e l y  

simple, shor t - te rm t e s t s  (days) w i l l '  s u f f i c e ;  a t  o t h e r  t i m e s  t h e  da ta  can be 

ob ta ined on l y  i n  de ta i l ed ,  long- term t e s t s  ( yea rs ) .  The uses o f  da ta  f r om 

leach t e s t s  can be d i v i d e d  i n t o  t h r e e  major  ca tegor ies :  

I. Waste-form development and c h a r a c t e r i z a t i o n  



11. Ana lys is  o f  t h e  s a f e t y  o f  waste management systems a l t e r n a t i v e s  (bas is  

f o r  1 i censi ng) 

111. Q u a l i t y  assurance i n  a w a s t e - s o l i d i f  i ca t . ion  f a c i l i t y .  

Most leach t e s t i n g  done t o  date belongs i n  Category I. Waste-form devel -  

opers a re  us ing  leach r a t e s  as a c r i t e r i o n  i n  op t im iz ing  t h e i r  fo rmula t ions .  

Category I1 t e s t s  are u s u a l l y  more e labo ra te  than those o f  Category I and 

i n c l u d e  many components o f  t h e  r e p o s i t o r y  system. A t  t h i s  t ime, there  are  no 

Category I I I  t e s t s  i n  use s ince  leach t e s t i n g  i s  no t  app l ied  as q u a l i t y  con- 

t r o l  t o  any w a s t e - s o l i d i f i c a t i o n  f a c i l i t y  i n  t h e  U.S. 

~+ 4.1.1 Category I Tests : Waste-Fon Development and Charac te r i za t i on  

Most n f  t he  leach t e s t i n g  ,in waste-form development and c h a r a c t e r i z a t i o n  

programs has used very simple scoping o r  screening batch tes ts .  These t e s t s  

u s u a l l y  y i e l d  answers i n  a few days or,  a t  most, a  few weeks. Examples o f  

app 1 i c a t i  ons of these t e s t s  i nc l  ude t e s t i n g  a se r ies  o f  waste-f o m  prepara- 

t i o n s  t o  determine the  e f f e c t  o f  va ry ing  a waste component, such as sodium, 

above and below a median concentrat ion,  o r  o f  t e s t i n g  a se r ies  o f  waste-form 

specimens o f  the  same composi t ion t h a t  have been subjected t o  i n c r e a s l n g l y  

severe thermal o r  r a d i  a t i  on treatments. 

4.1.2 Category 1 I Tests: Systems Ana lys is  

Some of the most important  scenar ios t h a t  must. he evaluated i n  r i s k  analy- 

ses o f  nuc lear  waste management i nvo l ve  water as the  t r a n s p o r t  medium, p a r t i c u -  

l a r l y  a f t e r  the  waste i s  i n  a geologic  repos i to ry .  The leach r a t e  o f  t h e  waste 

form a t  t h e  cond i t i ons  o f  t h e  scenar io becomes the  source term f o r  t h e  r i s k  

eva lua t ion .  I n  these scenarios, leach ing  behavior  i s  a f f e c t e d  by t h e  charac- 

t e r i s t i c s  o f  t he  r e p o s i t o r y  system, which inc ludes  t h e  can is te r ,  o ther  eng i -  

neered b a r r i e r s ,  t he  backf  i 11, and t h e  surrounding geologic  format ions.  

Systems t e s t s  a re  used t o  evaluate a l l  o f  these components. The r l s k  analyses 

r e q u i r e  p r e d i c t i o n s  o f  leach ing  behavior t h a t  extend f a r  beyond the  du ra t i on  

o f  t h e  leach t e s t s .  To do t h i s ,  t h e  r a t e - c o n t r o l l i n g  mechanisms should be 

understood and t h e  t e s t  r e s u l t s  should be as accurate as poss ib le  t o  min imize 
P 
t h e  propagat ion o f  e r r o r s  dur ing  ex t rapo la t i on .  Because the  systems' 



t e s t s  a re  so complex and time-consuming, t h e y  a re  performed o n l y  on c a r e f u l l y  

se lec ted  waste forms t h a t  r ep resen t  a  range o f  p o t e n t i a l  f o rmu la t i ons .  Si r+ 

p l e r  a u x i l i a r y  t e s t s  can be used' t o  o b t a i n  suppo r t i ve  i n fo rma t i on .  

4.1.3 Category I 1 1  Tests :  Q u a l i t y  Assurance 

One of t he  qua l i t y -assurance  t e s t s  on t h e  p roduc t  of a  rad ioac t i ve -was te -  

s o l i d i f i c a t i o n  f a c i l i t y  c o u l d  be a  leach  t e s t .  I f  so, t h e  t e s t  would be a  

simple, r a p i d  t e s t  resembl ing t h e  comparison t e s t s  used i n  waste-form develop- 

ment. The purpose o f  t h e  qua l i t y -assurance  t e s t s  would be t o  q u i c k l y  c o n f i r m  

t h a t  the  p roduc t  of waste s o l i d i f i c a t i o n  i s  w i t h i n  c e r t a i n  p r e s e t  leach- ra te  

s p e c i f i c a t i o n s .  

4.2 EXPERIMENTAL DETERMINATION OF CHEMICAL DURABILITY 

Experiments t o  determine t h e  chemical  d u r a b i l i t y  o f  waste forms i n c l u d e  

t h r e e  main opera t ions :  sample p repa ra t i on ,  sample exposure, and ana l ys i s .  The 

d i f f e r e n c e s  i n  t h e  leach  t e s t s  now i n  use r e s u l t  f rom s e l e c t i o n  o f  d i f f e r e n t  

op t i ons  f o r  one o r  more o f  these  opera t ions .  

4.2.1 Dynamic Leach Tes ts  

Dynamic leach t e s t s  a re  those i n  which t h e  specimen i s  exposed t o  l eachan t  

t h a t  i s  e i t h e r  con t i nuous l y  o r  p e r i o d i c a l l y  rep len ished ;  i.e., a  f low- through 

system i s  e i t h e r  employed o r  s imulated.  To date, most leach  t e s t s  have been 

dynamic. 

Recognizing t h a t  t h e  numerous d i f f e r e n t  leach  t e s t s  t h a t  were i n  use made 

comparison of ,  r e s u l t s  d i f f i c u l t ,  t h e  I n t e r n a t i o n a l  Atomic Energy Agency (IAEA) 

organized a  committee t o  recommend methods f o r  s t a n d a r d i z i n g  t h e  leach, t e s t i n g  

o f  immobi l ized.  r a d i o a c t i v e  waste s o l i d s .  A  r e s u l t  o f  t hese .d i scuss ions  was a  

suggested s tandard leach t e s t  (Hespe 1971). The ma,in f ea tu res .  of t h e  .s tandard  

t e s t  proposed by t h e  IAEA were as f o l l o w s :  

leachant  c o n t a c t  r e s t r i c t e d  t o  one su r f ace  o f  t h e  specimen 

3 2 
r a t i o  of leachant  volume (cm ) /spec imen su r face  area (cm ) - t 1 0  cm 

-0 temperature = 25O * 5 ' ~  



a no a g i t a t i o n  o f  leachant 

a leachant  replaced d a i l y  f o r  1 week, weekly f o r  8 weeks, monthly f o r  

6  months, and then t w i c e  y e a r l y  t h e r e a f t e r  

a d i f f e r e n t  leachants permi t ted,  depending on the  purpose o f  t h e  t e s t  ( f o r  

intercomparison, d i s t i l l e d  water i s  used, whereas f l u i d s  more t y p i c a l  o f  

t he  d isposa l  environment are used f o r  hazards eva lua t ions) .  

The IAEA t e s t  has n o t  been adopted w ide l y  enough t o  be use fu l  i n  i n t e r -  

l a b o r a t o r y  comparisons. Many leach t e s t s  performed s ince  the  proposed I A E A  

p r o c ~ r l ~ r r e  was pub l ished are  s a i d  t o  u t i l i z e  "modi f ied"  I A E A  procedures. 

Unfor tunate ly ,  t he re  has been l i t t l e  consis tency.  I n  t h e  " m o d i f i c a ~ t i o r ~ s ' ~  

adapted a t  t h e  var ious  l abo ra to r i es .  

Some undes i rab le  f e a t u r e s  o f  t h e  proposed IAEA t e s t  inc lude t h e  f o l l o w i n g :  

a Canning the  sample t o  expose o n l y  one s ide  i s  an unnecessary 

comp l i ca t i on  and i s  n o t  g e n e r a l l y  done. 

a Changing the water p e r i o d i c a l l y  t o  achieve a  dynamic system causes 

an undes i rab le  "saw-tooth" e f f e c t .  The concent ra t ions  o f  leached 

ions  b u i l d  up i n  t he  leachant and t h e  pH changes; then t h e  i n i t i a l  

c o n d i t i o n s  are  a b r u p t l y  r e i n s t a t e d  when t h e  water i s  changed and the  

saw-tooth c y c l e  begins again. 

A r e v i s e d  IAEA t e s t  has been developed by the  I n t e r n a t i o n a l  Standards 

Organ iza t ion  (ISO) and i s  now being c i r c u l a t e d  f o r  comment. The IS0 D r a f t  

I n t e r n a t i o n a l  Standard D I S  6961, Long-Term Leach Test ing  o f  Rad ioac t ive  Waste 

S o l i d i f i c a t i o n  Products, p a r t i a l l y  addresses the  saw-tooth e f f e c t  observed i n  

t h e  IAEA t e s t  by c a l l i n g  f o r  t h e  a d d i t i o n  o f  pH b u f f e r s  t o  the  leachant solu- 

t i o n s .  Tes t i ng  a t  t h ree  b u f f e r e d  pHs--2.3, 5.7, and 9.5--is proposed t o  span 

t h e  range of pH t h a t  may occur i n  n a t u r a l  geo log ic  systems. The IS0 t e s t  a l so  

s p e c i f i e s  f o u r  experimenta 1 temperatures--23, 45, 78, and 1 0 0 ~ ~ - - a l l  cun.tr.01 led 
t o  * l a c  s ince  v a r i a t i o n  i n  temperature s i g n i f i c a n t l y  a f f e c t s  leach ra te .  For  

t h e  d r a f t  IS0 t e s t  t h e  frequency w i t h  which leachant  i s  changed d i f f e r s  

s l i g h t l y  f rom t h a t  i n  t he  IAEA t e s t :  d a i l y  du r ing  t h e  f i r s t  5  days; tw i ce  

d u r i n g  t h e  second week; once a  week f o r  t he  t h i r d ,  f ou r th ,  f i f t h ,  and s i x t h  

week; and monthly t h e r e a f t e r .  



The saw-tooth e f f e c t  associated w i th  the per iod ic  changing o f  the  leach- 

ant can be avoided by using a single-pass, flow-through apparatus. The f l ow  

can be achieved by use o f  pumps, head tanks, o r  Soxhlet-type equipment. A 

single-pass apparatus using pumps i s  used a t  Lawrence Livermore Laboratory 

(Figure 4.1). Up t o  20 samples can be tes ted simultaneously a t  f l ow  ra tes  
3 between 13 and 460 cm /day i n  the temperature range o f  25 t o  7 5 ' ~  (Weed and 

Jackson 1979). 
-i 

An example o f  a single-pass, f low-through apparatus using g r a v i t y  f l ow  

from a head tank i s  the leaching f a c i l i t y  a t  the Hahn-Meitner I n s t i t u t  i n  

Ber l in,  which has s i x  uni ts,  each capable o f  hold ing s i x  samples (Heimerl 
3 

e t  a l .  1971). Flow ra tes  are va r iab le  between 20 and 200 cm /week a t  tempera- 

tures con t ro l led  between 20 and 50 '~ .  

Soxhlet ex t rac tors  are a type of single-pass, flow-through leaching equip- 

ment. The standard i n d u s t r i a l  Soxhlet apparatus (Figure 4.2) uses a repe t i -  

t i v e  siphoning act ion t o  ensure t h a t  the e n t i r e  sample i s  contacted w i t h  

f r esh l y  d i s t i l l e d  water. The siphoning occurs f requen t l y  (2- t o  15-min in te r -  

vals), so changes i n  leachant composition due t o  ions dissolved from the  Sam- 

p l e  are considered i ns i gn i f i can t .  Some recen t l y  devised Soxhlet- l ike equipment 

uses d i r e c t  flow-through wi thout  siphoning (Figures 4.3 and 4.4). The main 

purpose o f  the recent modi f ica t ions o f  the  Soxhlet apparatus, however, i s  t o  

expand the temperature range. Temperatures i n  the specimen chamber can be 

con t ro l led  from 40 t o  9g0c. 

S ta t i c  Leach Tests 

I n  s t a t i c  LesLs the leachant i s  no2 replenished, and i t s  composition 

changes con t inua l l y  as more mater ia l  i s  leached from the sample. I f  s t a t i c  

t es t s  are continued long enough, the r a t e  o f  change i n  leachant composition 

may become very low; i.e., i t may approach a steady state. 

S ta t i c  t es t s  are simple t o  perform; however, since they do no t  represent 

the worst case (i.e., higher leach ra tes  are obtained i n  dynamic leach tes ts) ,  

few s t a t i c  leach t e s t  data f o r  waste forms are found i n  the l i t e r a t u r e .  Th is  

s i t u a t i o n  i s  changing, p r i n c i p a l l y  f o r  two reasons. F i r s t ,  there i s  a growing 





FIGURE 4.2. Rep resen ta t i ve  ~ n d u s t r i a l  Soxh le t  Apparatus Adapted f o r  
Waste-Form Leaching 
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FIGURE 4 .3 .  Soxh le t -L ike  Apparatus U t i l i z e d  f o r  Leach T e s t i n g  i n  I n d i a  
(ddapted f rom Vaswani 1979) . 



FIGURE 4.4. Soxhlet,-Li ke Leach Test Apparatus Developed a t  Ispra 
Research Establ ishment ( adapted from Lanza e t  a1 . 1980) 

recognit ion t ha t  s t a t i c  leach conditions a re  r e a l i s t i c  f o r  studying many poten- 
t i a l ,  repository-re1 ated 1 eaching' scenarios,  par t icul  a r l y  when the  mu1 t i p l e  

ba r r i e r s  of the  waste package a re  considered. Because of these ba r r i e r s ,  the  

flow r a t e  a t  the  surf ace of any waste form being contacted by water wi 11 prob- 

ably be very low, and the  s i t ua t i on  can be approximated by' s t a t i c  leach t e s t -  
i ng . Second, some analyses of 1 ong-term,. waste-water-rock behavior,may u t  i 1 ize  

thermodynamic informat ion. S t a t i c  t e s t s ,  p a r t i cu l a r l y  those performed a t  .' 
higher temperatures, can help .  confirm the val id i t y  of the  thermodynamic assump- 

t ions  o r  develop needed new information. 



Many o f  the s t a t i c  leach t e s t s  performed t o  date have been autoc lave 

experiments above 1 0 0 ~ ~  (Brad ley  e t  a1 . 1980; Westsik 'and Tu rco t te  1978a; 

McCarthy e t  a l .  1978; F l ynn  e t  a l .  1979; and B r a i t h w a i t e  1979). For  waste 

glasses, steady s t a t e  i s  approached i n  1 t o  3 weeks a t  250°c, bu t  a t  2 5 ° ~  more 

0 than a  year  i s  r e q u i r e d  t o  reach t h i s  cond i t i on ,  even when powdered specimens 
w i t h  h igh  sur face area are  used. 

4.2.3 WasteIRock I n t e r a c t i o n  Tests 

Wastelrock i n t e r a c t i o n s  r e f e r  t o  reac t i ons  between the  waste form, t h e  

b a c k f i l l  and any o t h e r  spec ia l  mater ia ls ,  such as sorbent clays, t h a t  are 
4 

i nc luded as p a r t  o f  t h e  waste package, and the  rock i n  t h e  surrounding geo- 

l o g i c  format ion.  The r e a c t j o n s  are more p r o p e r l y  termed waste/water/rock 

i n t e r a c t i o n s ,  s ince  water i s  t he  a c t i v e  t r a n s p o r t  medium i n  any reac t i ons  t h a t  

may occur. Water r e a c t s  w i t h  both rocks and waste forms; t he  ob jec t  o f  t h e  

i n t e r a c t i o n  t e s t s  i s  t o  d e f i n e  the  r e s u l t  o f  t he  combined reac t ions .  

Waste l rock- in te rac t ion  tes ts ,  which are o f t e n  termed systems tes ts ,  may 

be e i t h e r  s t a t i c  o r  dynamic. S t a t i c  t e s t  r e s u l t s  are used t o  de f i ne  r e a c t i o n  

products and the approach o f  t he  leachate composi t ion t o  steady s ta te .  Reac- 

t i o n  products may p r e c i p i t a t e  from t h e  s o l u t i o n  o r  form on the  sur face o f  t h e  

waste form. The i n t e r n a l  s t r u c t u r e  o f  t he  waste form can a l so  be changed by 

t h e  a c t i o n  o f  water. The a l t e r a t i o n  can take  t h e  form o f  a  hyd ra t i on  r i n d  or,  

i n  extreme cases, i t  can extend throughout t h e  sample. Most s t a t i c  waste l rock 

i n t e r a c t i o n s  are t e s t e d  i n  autoc laves a t  150 t o  3 5 0 ~ ~  t o  acce lera te  the  reac- 

t i o n  r a t e s  so t h a t  steady s t a t e  can be achieved w i t h i n  reasonable experimental  

per iods.  Gold ampoules are  o f t e n  used t o  c o n t a i n  the  reac tan ts  t o  avoid 

unwanted react ions,  w i t h  i n t e r n a l  autoc lave surfaces. 

Dynamic was te l rock - i n te rac t i on  t e s t s  d u p l i c a t e  r e p o s i t o r y  cond i t i ons  t o  

va ry ing  degrees. The leachant i s  made up t o  have the  composit ion o f  ac tua l  

s i t e - s p e c i f i c  water samples and i s  p re -equ i l i b ra ted  w i t h  crushed rock repre- 

s e n t a t i v e  o f  the  r e p o s i t o r y  environment. Th i s  " r e p o s i t o r y  water'' i s  then 

' b rough t  i n t o  contac t  w i t h  t h e  waste-form sample a t  a  f l o w  r a t e  t y p i c a l  o f  t h a t  

which cou ld  occur i n  a  repos i to ry .  As.many components o f  the  system can be 

added t o  t h e  t e s t  s imu la t i on  as desired. Flow-through autoc lave t e s t s  t h a t  



i n c l ude  t h e  c a n i s t e r  and downstream rock  i n  t h e  t e s t  system a re  planned f o r  

t h e  WasteIRock I n t e r a c t i o n  Technology program sponsored by  t h e  O f f i c e  o f  

Nuclear  Waste I s o l a t i o n  (B rad ley  e t  a l .  1980, p. 24). The c a n i s t e r  i s  

inc luded  i n  r e c o g n i t i o n  o f  t h e  f a c t  t h a t  i t  w i l l  n o t  d i s i n t e g r a t e  i n  a  s i ng le ,  

one-step event.  I n s t e a d  t h e  c o r r o s i o n  should be nonuniform, and much o f  t h e  

c a n i s t e r  w i l l  p robab l y  remain as a  b a r r i e r  l ong  a f t e r  i t  i s  breached i n  one o r  

two spots. The t e s t  w i l l  d u p l i c a t e  t h i s  t y p e  o f  c a n i s t e r  breach by  i n c l u d i n g  

an a r t i f i c i a l  c rack ( a  machined s l i t )  i n  t h e  c a n i s t e r  w a l l .  

I n  s i t u  t e s t s  a re  another  way o f  c h a r a c t e r i z i n g  t h e  behav io r  o f  t h e  sys- 

tem. Most i n  s i t u  t e s t s  t h a t  have been done o r  a r e  scheduled, however, a r e  

designed t o  o b t a i n  s t r u c t u r a l  and hea t - t r ans fe r  in fo rmat ion ;  t h e y  a re  n o t  

designed f o r  t h e  s tudy  o f  i n  s i t u  leach  behav io r  o f  breached c a n i s t e r s  i n  

r e p o s i t o r i e s .  An excep t i on  i s  t h e  t e s t  program proposed f o r  t h e  Waste 

I s o l a t i o n  P i l o t  P l a n t  s i t e  by Sandia L a b o r a t o r i e s  ( S a t t l e r  e t  a l .  1979). 

The Canadian b u r i a l  exper iment  i n  which r a d i o a c t i v e  g l a s s  b l ocks  were 

b u r i e d  a t  Chalk R i v e r  should be i nc l uded  i n  any d i scuss ion  of i n  s i t u  t e s t s ,  

a l though t h e  low-temperature, shal low- land b u r i a l  c o n d i t i o n s  do d i f f e r  f r om 

t h e  deep geo log ic  r e p o s i t o r y  c o n d i t i o n s  env i s i oned  f o r  t h e  d i sposa l  o f  h igh-  

l e v e l  waste ( M e r r i t t  1977). Perhaps t h e  most impor tan t  aspect o f  t h e  Canadian 

t e s t  i s  n o t  t h a t  i t  i s  be ing  conducted i n  s i t u ,  b u t  r a t h e r  t h a t  i t  has con t i n -  

ued f o r  over  20 years,  a  much g r e a t e r  t i m e  than  any o t h e r  recorded waste-form 

leach ing  experiment. I n t e r e s t i n g l y ,  more .than 5 yea rs  were r e q u i r e $  t o  reach 

steady state:  , 

4.3 METHODS OF EXPRESSING CHEMICAL DURABILITY 

Numerous mathemat ica l  express ions  have been used f o r  r e p o r t i n g  t h e  da ta  

ob ta i ned  f rom t e s t i n g  t h e  chemical  d u r a b i l i t y  o f  r a d i o a c t i v e  waste forms. 

These express ions rep resen t  d i f f e r e n t  ways of p r e s e n t i n g  leach  r a t e s  based on 

leachate analyses, weight - loss measurements, o r  specimen-surface analyses. 

The var ious  express ions a r e  desc r i bed  i n  d e t a - i l  i n  t h i s  sec t i on .  



4.3.1 Calculational Techniques for  Expressing Leachability 

Even as t e s t  procedures become standardized, the recomnended durab i 1 i t  y 

expressions vary from procedure to  procedure. This can lead to  confusion, and 
i t  makes comparison of resu l t s  d i f f i c u l t .  Fortunately, most of the methods of 
calculating chemical durabi l i ty  can be classif ied into one of three or four 

techniques. Simple mathematical re1 ationships t i e  the techniques together 
(Godbee and Joy 1974). 

Probably t h e  most comnon technique fo r  expressing chemical durabi l i ty  i s  
as a normalized leach rate .  This ra te  i s  usually calculated from the followinq 
equation : 

where 
2 (LR) 1 = the leach ra te  in grams of waste form/cm day,(a) normalized to 

the behavior component " i "  
A i  = amount of component " i t '  th,at i s  leached during the time interval t 

A = the i n i t i a l  amount of component " i n  in the waste-form specimen 
0 

= the origina l weight of the waste-form specimen, g 

SA = the surface area of the waste-form specimen, cm 2 

t = the time interval of 'leaching, days. 

Some confusion can resu l t  from the use of the normalized leach rate  as 
calculated in Equation (1). This normalized leach rate  has sometimes been 
called a "bulk" leach ra te  t o  ensure that  i t  will n o t  be taken to  represent 
grams of component " 5 "  leached. The assumption. made in using Equation (1) i s  
tha t  a l l  of the specimen leaches a t  the same rate  as component " i , "  i.e.,  that 
the leaching i s  congruent (uniform f o r  a l l  components). In f a c t ,  leaching i s  
usually not congruent, leading. t o  the anomaly that  the same material ean have 
d i f fe rent  "bulk" leach rates ,  depending upon which component i s  used f o r  the 

( a )  The use of SI units f o r  expressing leach rates  has not yet been widely 
adapted. The data presented in th i s  report will be in terms of the units 
presently in comnon use. 



c a l c u l a t i o n .  For t h i s  reason normal ized leach r a t e s  ca l cu la ted  by Equat ion (1) 

should always be fo l l owed  by the  phrase "based on t h e  behavior o f  component i" 

o r  "normal ized t o  the  behavior o f  component i ." 
The normal ized leach r a t e  can be converted t o  a .pene t ra t i on  r a t e  by 

d i v i d i n g  the  r a t e  by the  d e n s i t y  o f  the waste form: 

(LRIi - Ai-V 
PR. = - - 

1 P A; S A - t  

where 

P R ~  = the  pene t ra t i on  ra te ,  cm/day 

P = the  d e n s i t y  o r  the  waste form, g/cm 3 
- 
j V = the  volume o f  t he  waste form sample, cm . 

The pene t ra t i on  r a t e  i s  an a1 t e r n a t i v e  technique f o r  express ing leach ing  

Another use fu l  technique i s  t o  express chemical durabi  1  i t y  ' e i t h e r  as a  

cumulat ive pene t ra t i on  o r  as a  cumulat ive f r a c t i o n  released. The values are 

obta ined f rom the  f o l l o w i n g  equat ions: 

and 

where 

= t h e  cumulat ive pene t ra t i on  based upon t h e  behavior  o f  component 

"i," imply ing  t h a t  t he  sur face  o f  t h e  waste form has been depleted 

= t h e  cumu.lat,ive f r a c t i o n  o f  component "i" released 
C ~ i  

cA. = t he  cumulat ive amount o f  component "i" t h a t  has been leached f rom 
1 

. . .  t h e  waste form. 



An a d d i t i o n a l  technique f o r  showing chemical d u r a b i l i t y  i s  s imply t o  

p resent  t h e  concen t ra t i on  o f  leached ions  i n  so lu t i on .  This  method has become 

more comnon s ince s o l u b i l i t y  i s  now recognized as p l a y i n g  a  s i g n i f i c a n t  r o l e  

i n  t h e  i n t e r a c t i o n s  between waste form and so lu t i on .  

F i n a l l y ,  leach r a t e s  c a l c u l a t e d  f rom s imple weight l oss  determinat ions 

have f r e q u e n t l y  been used, p a r t i c u l a r l y  i n  waste-form-development l abo ra to r i es .  

These measurements are inadequate t o  descr ibe leaching behavior comprehen- 

s i v e l y ;  f o r  instance,' i ncongruencies i n  leach ing  are no t  detected. 

Because o f  t he  v a r i e t y  of expressions being used f o r  chemical d u r a b i l i t y  

and i n t e r r e l a t i o n s h i p s  among t h e  expressions, repo r t s  o f  leach ing  r e s u l t s  

should i nc lude  specimen weight,  surface area, volume, and composit ion. Having 

t h i s  i n fo rma t ion  f a c i l i t a t e s  conversions among d u r a b i l i t y  expressions so t h a t  

r e s u l t s  o f  experiments can be r e a d i l y  compared. 

One method suggested t o  make comparisons less  d i f f i c u l t  i s  t h e  use o f  a 

f i g u r e - o f - m e r i t ,  based on the  r e c i p r o c a l  o f  an e f f e c t i v e  d i f f u s i v i t y  c o e f f i -  

c i e n t  t h a t  can be c a l c u l a t e d  from t h e  f i r s t  week's data o f  an IAEA-type t e s t .  

This  approach was suggested by the  ANS-16.1 Working Group o f  t he  American 

Nuclear  Soc ie ty  (ANS) i n  d r a f t i n g  t h e  proposed standard, "Measurement o f  t h e  

L e a c h a b i l i t y  o f  S o l i d i f i e d  Low-Level Rad ioac t ive  Wastes" (Godbee and Compere 

1979). 

A  comparison o f  leach r a t e s  f o r  var ious  waste forms i n  water i s  g iven i n  

Table 4.1. Such t a b u l a t i o n s  o f  leach ra tes  are use fu l  f o r  making rough com- 

par isons  o f  waste forms. However, the  e f f e c t s  o f  many important  f a c t o r s  must 

be added t o  r e f i n e  data such as are g iven i n  Table 4.1. These f a c t o r s  w i l l  be 

T ~ ~ ~ ~ I J S T P T I  i n  the  remainder n f  t h i s  sec t ion .  

4.3.2 Incongruent D i s s o l u t i o n  

Releases o f  rad ionuc l i des  f rom waste forms proceed by t h e  mechanlsms o f  

s e l e c t i v e  leaching and m a t r i x  d i s s o l u t i o n .  Se lec t i ve  o r  incongruent leach ing  

i s  t y p i f i e d  by f a s t e r  re leases of one o r  several  species i n  r e l a t i o n  t o  o the r  

components o f  t he  waste. It r e s u l t s  from d i f f e rences  i n  s o l u b i l i t y  o f  d i f f e r -  

en t  phases i n  t he  waste form, f rom d i f f e ren t  d i f f u s i o n  r a t e s  o f  mobi le  ions  

through t h e  waste-form mat r i x ,  e tc .  



TABLE 4.1. Leach Rates f a r  Var ious  lrlaste Forms (adaptzd f rom 
Ja rd ine  and S t e i  n d l e r  1378) 

Leach Rate, Watero 
Waste Form g/(cm2-dayL) Temp. C Reference 

Pot calcine 

Fluid bed Calcine 

Pot calcine 

Fluia bea calcine 

Cement 

A1 metal matrlx-slnterea 

Concrete 

A1 metal matrix-cast 

Aqueous si 1 icates (clay) 

Bottle glass (a) 

Borosil icate glass ' 

Lead matrix (a) 

Vitromet (63 vol% phosphatelglass 
37 vol% lead) 

Phosphate glass 

Lead matrix(a) 

Glass (devitrif ied) 

Asphalt 

Zn borosilicate glass (devitrified) 

Borosilicate glass (in-can melted) 

Borosi 1 icate glass 

Phosphate glass 

Ti tanates 

Alumina phosphate glass 

Phosphate gl ass 

Vitromet (63 vol% phosphate glass/ 
37 vol% lead) 

Zn borosi 1 icate glass (as formed) 

Glass (as formed) 

Borosilicate glass 

Silicate glass (Canadian) 

Si ntered gl ds's ceramics 
' 

Industrial glass(a) 

Industrial glass (a) 

Silicate melts (fired clay) 

Silicate glass (U.S.) 

10-I 25 Van Gee1 1975 

10-I 2 5 Van Gee1 1975 

25 ARH-2888 

Berreth 1976 

Berreth 1975 

Berreth 1976 

Barney 1975 

Heimerl 1976 

Heimerl 1976 

Van Geel 1976 

Van Geel 1976 

Van Geel 1976 

Van Geel 1976 

Kelley 1976 

Mendel 1973 

Mendel 1976 

Blair 1976. 

Van Geel 1975 

Mendel 1973 

Oosch 1978 

Paige 1966 

Van Geel 1976 

Van Geel 1976 

Mendel 1976 

Kel ley 1976 

ERDA-1 1976 

Mendel 1973 

Berreth 1976 

Mendel 1973 

Berreth 1976 

Barney 1975 

(a) These materials are listed for comparison purposes and contain no simulated 
waste. 



The evidence f o r  incongruent leach ing  comes f rom chemical ana lys i s  o f  t he  

leachate  and sur face ana lys i s  o f  t he  waste form. Mendel '(1973) 1 i s t e d  some o f  

t h e  e a r l y  examples o f  incongruent  leaching, and Table 4.2 conta ins  some recent  

r e s u l t s  o f  leach t e s t s  t h a t  a1 so i 1 l u s t r a t e  incongruent d i sso lu t i on .  The 

a l k a l i  and 'a l ka l i ne -ea r th  elements are the  most leachable species, w i t h  the  

ra re -ea r th  and a c t i n i d e  elements being among the  l e a s t  leachable. 

Temperature, s o l u t i o n  chemistry,  and waste-form composit ion i n f l uence  

waste-form leaching: 

Westsik and Harvey (1981) have shown t h a t  re lease o f  the  a l k a l i n e  

ea r ths  from a waste g lass  a c t u a l l y  decreased ds t he  temperatur-e 

increased f r o m ,  150 t o  2 5 0 ' ~ .  Th i s  decrease i n  release, apparent ly  

associated w i t h  s o l u b i l i t y  e f f e c t s  and secondary phase format ion,  

was s u f f i c i e n t  t o  make calcium, s t ront ium, and barium re leases com- 

parab le  t o  those o f  t h e  ac t i n ides .  

Both McCarthy e t  a l .  (1978) and Westsik and Tu rco t te  (1978b) have 

repo r ted  t h a t  d i s s o l u t i o n  o f  s i l i c o n  f rom glass and from supercalc ine 

was l e s s  i n  s a l t  b r i n e  than i n  de ion ized water, w h i l e  re leases o f  the  

o the r  components t o  s a l t  b r i n e  were h igher .  

Hench (1977) has suggested t h a t  congruent d i s s o l u t i o n  o f  glasses may 

be caused by a h igh  s o l u t i o n  pH. 

Waste-form developers use chemical a d d i t i v e s  t o  immobi l ize s p e c i f i c  ions  

i n  t h e  s o l i d i f i e d  waste. The r e s u l t a n t  phases may then be l ess  

leachable than  o the r  p a r t s  o f  t he  waste form, thus lead ing  t o  incon- 

gruent  leaching. For  example, Stone (1977) noted t h a t  t he  presence o f  

Mn02 i n  a p a r t i c u l a r  sludge composi t ion reduced t h e  l e a c h a b i l i t y  o f  

s t ront ium. And Ringwood e t  a l .  (1979) mod i f i ed  t h e i r  SYNROC B i n  

response, to  the  d iscovery  t h a t  cesium was segregat ing i n t o  a h i g h l y  

leachable phase. 

For  t h e  same mate r ia l ,  t h e  most leachable elements may be two o r  more 

o rde rs  o f  magnitude more leachable than the  l e a s t  leachable. As w i l l  be d i s -  

cussed l a t e r ,  most leach ing  t h e o r i e s  p r e d i c t  tha t ,  i f  leaching i s  cont inued 



TABLE 4.2 Leach Tes t  Resu l t s  I l l u s t r a t i n g  Incongruent  
D i s s o l u t i o n  i n  Deion ized Water 

Waste Form Leaching Order Reference 

Glass Cs>Co,Ag>Zn,Ba>Ru>Zr>Ce,Eu F l ynn  e t  a l .  1979 

Glass Cs>Sr,Pu P lod inec  and 
Wi ley  1979 

G 1 ass Na>Si>B>Cs>Sr>Zr>Ce>Tb Johnson and Marples 
1979 

Glass Sr>Cs>a-emi t t e r s  ( a c t i n i d e s )  Rankin and 
K e l l e y  1978 

Superca lc ine  Na>Mo,Rb>Cs,Ba,Ca,Sr 

Concrete Sr>Cs>Pu 

McCarthy e t  a l .  
1978 

Moore e t  a l .  
1979 

Spent f u e l  Cm,Cs,Pu,Ce>Sb,Eu,Sr>U>Ru Katayama e t  a l .  1980 

long  enough, i t  w i l l  g r a d u a l l y  become congruent;  i.e., a l l  e lements w i l l  l each  

a t  t h e  same r a t e .  Tests  a t  room temperature have a l s o  e x p e r i m e n t a l l y  con f i rmed 

t h e  t r e n d  toward congruency, but,  as shown i n  Table 4.3, have demonstrated t h a t  

i t  i s  a slow t rend .  The da ta  i n  Table 4.3 a l s o  show t h a t  t h e  o r d e r  o f  p r e f e r -  

e n t i a l  l each ing  o f  elements f r om a waste g l a s s  i s  somewhat i n f l u e n c e d  by leach- 

an t  composit ion. 

I t  i s  impor tan t  t o  understand t h e  l each ing  behav io r  o f  i n d i v i d u a l  r a d i o -  

n u c l i d e s  because r i s k  analyses show t h a t  t h e  behav io r  o f  some r a d i o n u c l i d e s  i s  

much more impor tan t  than  t h a t  o f  o thers .  I n i t i a l l y  predominates i n  

importance, b u t  a f t e r  a few hundred years,  d u r i n g  which t ime  t h e  NRC i s  . 

p ropos ing  (CFR 1980) t h a t  engineered b a r r i e r s  be designed t o  p reven t  any 

r a d i o n u c l  i d e  re l ease  f rom t h e  r e p o s i t o r y ,  t h e  w i  11 have decayed away. 

The remain ing longer  l i v e d  r a d i o n u c l i d e s  can then  be ranked i n  o r d e r  o f  

importance. When t h i s  i s  done, "TC i s  u s u a l l y  found t o  be t h e  most impor- 

t a n t .  For  example, Barney and Wood (1980) r e p o r t  t h e  t e n  most impo r tan t  r a d i o -  

n u c l i d e s  i n  a b a s a l t  r e p o s i t o r y  are, i n  o rde r  o f  decreas ing hazard, "TC, 
12gI 

9 

237 NP 3 2 2 G ~ a ,  lo7pd, 2 3 0 ~ h ,  210~b,  12'sn, " ~ e ,  and 2 4 2 ~ u .  The l each ing  

behav io r  o f  "TC f rom waste g l a s s  i s  anomalous. I t s  r a t e  o f  r e l e a s e  i s  i n i -  

t i a l l y  h i ghe r  than f o r  any o t h e r  element, b u t  as l each ing  cont inues,  t h e  r a t e  



TABLE 4.3. Leach Test Resul ts  I l l u s t r a t i n g  Incongruent D i s s o l u t i o n  o f  
A c t i n i d e s  as a Funct ion o f  Leachant and Time (adapted from 
Brad ley  e t  a1 . 1979) 

R a t i o  o f  H i g h e s t . t o  . R a t i o  o f  Highest  t o  
observed Ranking o f  Element Lowest Element Lowest Element 

Release f rom H ighes t  t o  Lowest Release a t  Release. a t  End 
E 1 ement Element Release Time - 1 Day o f  Leach ~ i m e ( a )  

WIPP B r i n e  Np, Am, U, Pu, Cm 36 20 - 

CaC1 

NaCl 

Am, Cm, Pu, Np, U 

Np, Am, Cm, Pu, U 

NaHC03 Np, U, Am, Pu, Cm 12 3 

De ion ized  
wate r  Np, Cm, Pu, Am, U 

( a )    each t imes v a r i e d  f rom 40 t o  600 days. 

drops r a p i d l y  u n t i l  i t  i s  lower than those of most of the  a c t i n i d e s  (Brad ley  

% .  e t  a l .  1979). Th i s  behavior  i s  be l i eved  t o  r e s u l t  from technet ium's.  being 
phase-separated i n  t i n y ,  ve ry  leachable g lobu les  i n  t he  g lass ma t r i x .  

These are j u s t  a few examples o f  t he  i n f l u e n c e  o f  temperature, waste-form 

composit ion, and l eachan t - su lu l i on  composit ion on incongruent leaching. The 

f o l l o w i n g  sec t ions  p rov ide  more d e t a i l e d  d iscussion.  

4 . 3 . 3  C o r r e l a t i o n  o f  Incongruent D i s s o l u t i o n  w i t h  Surface Analyses 

While s o l u t i o n  analyses are most f r e q u e n t l y  used as evidence f o r  incongru- 

en t  leaching, sur face analyses are a lso usefu l .  The techniques used t o  s tudy 

1 eached s u r f  aces range f rom simple o p t i c a l  examinat ion o f  p o l  ished cross sec- 

t i o n s  t o  ins t rumenta l  methods employing soph is t i ca ted  equipment. I'he r e s u l t s  

v e r i f y  t h a t  i ncongruent 1 eaching occurs, b u t  a1 so suggest t h a t  so l  ub i  i 5€y, 

s t r u c t u r a l  a1 t e r a t i o n s ,  and r e p r e c i p i t a t i o n  complicate the  leach ing  process. 

O f  t h e  many techniques a v a i l a b l e  f o r  examining leached sur faces o f  waste 

forms, t he  s imp les t  methods are v i s u a l  examination and o p t i c a l  microscopy. 

Scanning e l e c t r o n  microscopy (SEM) w i t h  energy-d ispers ive ana lys is  by x - ray  

(EDAX)  i s  f r e q u e n t l y  used t o  supply composi t ional  Snformation abvu l the 



sur face.  Other i ns t rumen ta l   technique.^ a r e  a l s o  a v a i l a b l e  f o r  su r f ace  

analyses and can be ca tego r i zed  accord ing  t o  t he  depths o f  su r f ace  'analyses 

achieved. . Table 4.4, taken  f rom Hench (1977).., . l i s t s  m o s t . o f  t h e  su r f ace  

a n a l y s i s  techniques a v a i l a b l e  f o r  examining r a d i o a c t i v e ' w a s t e  forms. 

Most f r e q u e n t l y ,  su r f ace  a n a l y s i s  i s  used t o  e s t a b l i s h  con.cent ra t ion pro- 

f i l e s  o f  elements w i t h i n  t h e  leached l a y e r  o f  t h e  waste form. ,Th is  informa- 

t i o n  can be used i n  deve lop ing  o r  v a l i d a t i n g  models f o r  t h e  l each ing  process. 

Short- t ime, low-temperature leach  t e s t s  y i e l d  r e a c t i o n  l a y e r s  t h i n  enough 

(5-20 A )  t o  be examined by o u t e r  su r f ace  methods. C l a r k  e t  a l .  (1979) used 

Auger spectroscopy and i n f r a r e d  r e f l e c t  i o n  spect roscopy t o  show ' t h a t  a nuc lea r  

waste g l ass  underwent m a t e r i a l  l o s s  f r om combined s e l e c t i v e  l each ing  and 

m a t r i x  corrosion,.. F i g u r e  4.5 shows t y p i c a l  p r o f i l e s  i l l u s t r a t i n g  incongruen t  

d i s s o l u t i o n .  She schematic drawing i n  F i g u r e  4.6 o f  t h e  leached l a y e r  o f  

another waste g lass  was prepared by Houser e t  a l .  (1978), who used s p u t t e r -  
. ~ 

induced o p t i c a l  emiss ion t o  determine t h a t  boron, t h e  alka1. i  metals,  and t h e  

a l k a l i n e  ea r ths  were d i f f u s i n g  f r om t h e  g l a s s  sur face .  ' A  b a r r ' i e r  l a y e r  was 

formed t h a t  c d n t a i n e  m a i n l y  t h e  t r a n s i t i o n  meta ls  b u t  no s i l i c o n .  ' An o u t e r  

r e a c t i v e  1aye r . con ta in i ng  s i  1 i c o n  and enriche'd i n  t h e  r a r e '  e a r t h s  was a l s o  

observed. 
. . .  

As t he  d u r a t i o n  o r  temperature o f  t h e  leach  t e s t  increases, t h e  t h i ckness  

o f  t h e  r e a c t i o n  l a y e r  increases beyond t h e  a n a l y t i c a l  c a p a b i l i t i e s  o f  t h e  n,ear- 

sur f  ace ana l ys i s  techniques. E lectron-beam microprobe . . and SEM-EDAX systems 

are  used? to  examine c ross  s e c t  i ons '  o f  these  t h i c k e r  1 ayers. Kenna and Murphy 

(1979) examined t h e  sur faces  o f  a sodium t i t a n a t e  ceramic and ,a waste g l a s s  

t h a t  had been leached 20 months i n  a Soxh le t  apparatus. Microprobe analyses 

. d i d  no t  r evea l  any r e a c t i o n  l a y e r  on t h e  ceramic.' The g l a s s  d i d  e x h i b i t  a 
- 

, leached layer ,  and t h e  a u t h o r s p o s t u l i t e d  t h a t a  d i f f u s i o n  b a r r i e r  had formed 

w i t h i n  t he  leached layer ,  s i nce  no rma l l y  mob i l e  sodium, iron,, z inc, '  and phos- 

phor'us had concent ra ted  i n  zones w i t h i n  t h e  r e a c t i o n  l aye r .  

High-temperature l each ing  by s a l t  b r i n e  a l s o  r e s u l t s  i n  t h e  f o r m a t i o n  o f  

leached l aye rs  bo th  i n  waste g l ass  and i n  superca lc ine .  Westsik and T u r c o t t e  

(1978b) used SEM-EDAX t o  examine t h e  leached l a y e r s  formed on PNL 76-68 waste 



TABLE 4.4 Ins t rumenta l  ~ e c h n i ~ u e s '  f o r  Analyz ing Glass s u r f  ace(a) 

Methods Depth o f  Ana lys is  

E l e c t r o n  Spectrogcopy f o r  Chemical 
Ana lys is  (ESCA) 

Auger E l e c t r o n  Spectroscopy . . 5-20 A 
Ion-Scat te r ing  Spectroscopy 5-20 A 
Secondary I o n  Mass Spectroscopy 5-20 A 
Ion-Beam Induced Rad ia t ion  5-20 A 

Ar I o n  Beam M i l l i n g  w i t h  t h e  above 
t e c h n i q ~ ~ e s  , . 5-2000 A 

. E l l i p s o m e t r y  

I n f r a r e d  R e f l e c t i o n  Spectroscop.~ 

E l e c t r o n  Beam Microprobe 1.5 pm 

Scanning E l e c t r o n  Microscopy (SEM) - 1.5 pm 

w i t h  Energy-Dispersive Ana lys is  
by x-ray (EDAX) 

Surface D i e l e c t r i c  Ana lys is  -1-10 pm 

X-ray Fluorescence Spectroscopy 10 pm 

>.*-*.~...., ..,..7.~. 

(a )  Adapted f rom Hench 1977. 

g lass  and sup'ercalcine SPC-4. The i r  s tudy  showed t h a t  t he  mob1 l i t y  o f  ions  

and a l t e r a t i o n  o f  t he  g lass  sur face d'epend on t h e  composit ion o f  the  leach- 

ant.  F i g u r e  4.7 shows t h e  cesium-concentrat i o n  p r o f i l e  across t h e  r e a c t  i o n  

1 ayer on t h e  supercalc ine"  specimen. 

The scanning e l e c t r o n  microscope and t h e  microprobe have a l so  been used 

t o  determine which phases i n  a composite waste form are more durable. Rankin 

and K e l l e y  (1978) and Wald and Westsik (1979) repo r ted  t h a t  i n  d e v i t r i f i e d  

glasses t h e  r e s i d u a l  g lass  ,ma t r i x  leaches f a s t e r  ,than the  c r y s t a l l i n e  phases 

t h a t  formed. 
. . .  
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4.4.- EFFECT OF. TEMPERATURE . . 

When a  waste f o rm  i s  i n i t i a l l y  'conf ined i n  a g e o l o g i c  r e p o s i t o r y ,  t h e  .heat- 

p roduc ing  c h a r a c t e r i s t i c s  o f  t h e  waste i nc rease  temperatures and e s t a b l i s h  tem- 

p e r a t u r e  g rad ien t s .  ~ r e s k r e s  as h i g h  a s  2500 p s i  w i  11 e x i s t  a t  t h e  r e p o s i t o r y  

depths p r e s e n t l y  be ing  contemplated (> I000  rn) . Therefore,  l each ing  s t u d i e s  

spanning t h e  e n t i r e  range o f  t h e  g e o l o g i c - b u r i a l  . . . .  c o n d i t i o n s  a r k  r e q u i r e d  ( i .e . ,  

e l eva ted  tempqrature,  r a d i a t i o n  f i e l d s ,  h i g h  pressures,  e t c . )  t o  judge t h e  
I .  . 

p o t e n t i a l  f o r  r a d i o n u c l  i d e  r e l eases  f r om t h e  waste. U n f o r t u n a t e l y ,  a t t e m p t i  

t o  s tudy  leach.i.ng uvder  t h e s e  c o n d i t i o n s  may be compl i ca ted  by changes i n  t h e  

l each ing  mechanisms. Unde r , geo log i c  c o n d i t i o n s ,  t h e  waste f o rm  i t s e l f  may 

undergo changes ( hydrothermal  t r ans fo rma t  i o n s )  t h a t  s i g n  i f  i c a n t  l y  a f f e c t  t h e  

leach r a t e s .  Thus c o r r e l a t i o n s  o f  t e s t  r e s u l ' t s  w i t h  geo log i c  c o n d i t i o n s  a re  

ve ry  complex and d i f f i c u l t .  
. . 

.4.4.1 Expected Temperatures 

The a c t u a l  s e l f - h e a t i n g  temperature o f  t h e  s o l i d ,  r a d i o a c t i v e  waste f o rm  

w i l l  depend on f a c t o r s  such as 

a waste l o a d i n g  

a age o f  t h e  waste 

a- c o n s t i t u e n t s  o f  t h e  wa.ste 

a . shape and s i z e  o f  t h e  waste form 

a thermal  p r o p e r t i e s  o f  t h e  waste form 

e thermal  p r o p e r t i e s  o f  t h e  sur roundings.  

The heat -generat ion r a t e s  f o r  h i g h - l e v e l  waste decrease rapid1.y w i t h  t i m e  

ou t  o f  t h e  r e a c t o r ;  e.g., 18.5 kW/MTU a t  160 days decreases t o  0.86 kW/MTU a t  

10 years  o u t  o f  t h e  r e a c t o r  (ERDA-76-43, Vol .  2, 1976). I n  t h e  concep tua l  

t r ea tmen t ,  g f  h i g h - l e v e l  b a s t e s ,  t h e  s o l  i d i f  i e d  waste f o rm  (e.g., g l a s s )  i s  con- 

t a i n e d  i n  a  waste can i s t e r  (e.g., s t a i n l e s s  . . s t e e l )  150 ' t o  610 mrn i n  d iamete r  

and 0.6 t o  4.5 m i n  len.gth (ERDA-76-43, Vol .  3, 1976). The p r o j e c t e d  l o a d i n g  
. . 

o f  such a ' . can i s t e r  cou ld  r e s u l t  i n  an i n i t i a l  hea t -genera t ion  r a t e  o f  as much 
, .. 

as 13 kW, ' The hea t  gene ra t i on  w i l l  decrease d u r i n g  i n t e r i m  su r f ace  s torage.  . . 

  ow ever, t h e  a c t u a l  waste l o a d i n g  may be determined by  t h e  upper 1 i r n i t s  
' '  



accep tab le  f o r  t h e  waste-form su r f ace  tempera tu re  i n  t h e  repos i to r , y .  What t h e  

accep tab le  maximum a l l o w a b l e  temperature w i l l  be i s  s t i l l  clnder stud,y; i t  ma,y 

be 100 t o  150-C. 

4.4.2 E f f e c t s  o f  Temperature on Leachin'g 

The o v e r a l l  d i s s o l u t i o n  processes a re  expected t o  e x h i b i t  complex tem- 

p e r a t u r e  dependences due t o  t h e  many i n t e r a c t i o n s  i n v o l v e d  and changes i n  

mechanism w i t h  tempera tu re .  S t u d i e s  of l each ing  behav io r  a t  d i f f e r e n t  tern- 

p e r a t u r e s  p e r m i t  t h e  p r e d i c t i o n  of l each  r a t e s  as f u n c t i o n s  o f  temperature,  

assuming Ar rhen ius - type  r e l a t i o n s h i p s .  However, t h e  apparent a c t i v a t i o n  

energy  c a l c u l a t e d  f r o m  an A r rhen ius  exp ress i on  a p p l i e s  o n l y  t o  a  g i ven  

r e a c t i o n  mechanism and ,shou ld  n o t  be used f o r  e x t r a p o l a t i o n  t o  d i f f e r e n t  

r e a c t i o n  c o n d i t i o n s .  I .  

Lanza and coworkers  (1980)  have s t u d i e d  t h e  wate r  l each ing  f o r  boros i 1 i- 

c a t e  g l a s s  and found t h a t  a  good f i t  of t h e  we igh t  l o s s  versus t ime  da ta  was 

o b t a i n e d  by t h e  exp ress i on  

Weight l o s s  = a t1I2 + 11 t 

where a and b a re  cons tan t s  and t i s  t h e  t ime.  The cor respond ing  r a t e  expres- 

s i o n  i s  9 - i v~n  by 

1 - 1 / 2 + b  Rate  = - a t 2 

7 
f o r  t imes  up t o  about 8000 h r .  A t  50QC, a = 1.0 x  l ~ - ~  and b = 5.7 x  10- ; 

a t  8OWC, a = 2.5 x  and b ~ ' 3 . 6  x Us ing  these  data,  apparent 

a c t i v a t i o n  ene rg i es  can be c a l c u l a t e d  from an Ar rhen ius - type  r e l a t i o n s h i p ,  and 

c a l c u l a t e d  r e s u l t s  f o r  d i f f e r e n t  t imes  a re  u ive r l  i n  Tab le  4.5. F n r  s h n r t  

exposure t imes, when d i f f u s i o n  i s  presumed t o  be t h e  dominant mechanism ( w i t h  

a  square r o o t  o f  t i m e  dependence), t h e  apparent  a c t i v a t i o n  energy, Eact ,  i s' 

-6.9 kca l /mole.  A f t e r  i o n g  exposure t irn&s, when c o r r o s i o n  i s  assumed t o  pre-  

dominate, t h e  r a t e  hecomes independent o f  t i m e  and t h e  apparent Eact approaches 



TABLE 4.5. Apparent A c t i v a t i o n  E,nergy f o r  Leaching o f  B o r o s i l i c a t e  
Glass by Water as a Func t i on  o f  Exposure Times a t  50 
and 8 0 O ~  

Exposure Time, h r  ApparentEact ,  k ca l lmo le  
\ 

0  6.92 

100 8.01 . 

1000 8.48 . 

' 8000 11.23 

The genera l  t r e n d  o f  r e p o r t e d  temperature e f f e c t s  shows t h a t  a  f a c t o r  o f  

10 t o  100 inc rease  i n  1e.achi.ng r a t e  f r om ambient temperature t o  1 0 0 ~ ~  i s  

t y p i c a l  and i n d i c a t e s  t h e  importance o f  temperature c o n t r o l  i n  l each ing  

experiments. 

Adams (1979) s tud ied  t h e  l each ing  of s imu la ted  nuc lea r  waste g lasses o f  a  ' 
sodium-borosi l  i c a t e  t y p e  ( ,glass Q)  . w i t h  a  low waste l o a d i n g ,  and o f  a  z inc -  

b o r o s i l i c a t e  t y p e  ( g l a s s  R) w i t h  ah igh -was te  loading.  The leach  depth (LD) 

was c a l c u l a t e d  f o r  each t e s t  specimen based on t h e  sodium e x t r a c t i o n ;  f i t t i n g  

o f  t h e  da ta  was done w i t h  t h e  express ion:  

. . . . 
-E /RT 

L D = A f i e  a c t  . 

Some o f  t h e  r e s u l t s  f o r  20-week r a t e s  a r e  shown i n  F i g u r e . 4 . 8 . f o r  cases o f  

s i g n i f i c a n t  and l i m i t e d  reac t i on -p roduc t  b u i l d u p  (RPB). The a c t i v a t i o n  

energ ies  f o r  t h e  r e a c t i o n s  o f  t h e  two nuc1ear"~waste g lasses  w i t h  d i s t i l l e d  

water  were ' found  t o  be -20 k c a l / r n o l e , ~ o r  about t h e  same as those  found f o r  

o r d i n a r y  commercial g lasses, b u t  may decrease t o  -10 k c a l l m o l e  when s i g n i f i -  

can t  r e a c t i o n  p roduc ts  a re ' p resen t .  

B o u l t  and coworkers (1979) have r e p o r t e d  on long-term (up t o  11 wk) 

Soxh le t  t e s t s  and f lowing-water  t e s t s  on g l ass  composi t ions proposed f o r  waste 

v i t r i f i c a t i o n  i n  t h e  Un i t ed  Kingdom. T h e i r  r e s u l t s ,  based on we igh t  losses,  
. - 

a r e  shown . , i n  F i g u r e s  4.9 and 4.10 as ' ~ r r h e n i ~ s  p l o t s ;  f o r  compari io",  l i n e s  

corresponding t o  a c t i v a t i o n  energ ies  o f  15 and 22 k c a l l m o l e  a re  inc luded.  
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FIGURE 4.8. Relevance o f  Sodium beaching Data t o  t h e  
A r rhen ius  Express ion  (adapted from Adams 
1979) 
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FIGURE 4.9. Soxh le t  and S ta t i c -Water  Leach Rates f o r  Glass 189 
(adapted from B o u l t  e t  a l .  1979). The Soxt i le t  r e s u l t s  

: . f o r  temperatures below 1 0 0 ~ ~  .were ob ta ined  by b o i  1 i n q  
t h e  wate r  under reduced pressure. I h e  leach- rates i n  
f l o w i n g  water (pH = 7) a re  inc luded  f o r  comparison. 

- .  - -  . , 
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FIGURE 4.10. Soxh le t  and S ta t i c -Water  Leach Rates f o r  Glass 209 (adapted 
f r om B o u l t  e t  a l .  1979). The v e r t i c a l  l i n e  a t  1 0 0 ~ ~  shows 
t h e  spread o f  11 d i f f e r e n t  Soxh le t  r e s u l t s .  

These workers a l s o  measur,ed t h e  e f f e c t  o f  pH on leach  r a t e s  a t  d i f f e r e n t  tem- 

pe ra tu res  as shown i n  F i g u r e  4.11. The leach  r a t e s  a re  increased a t  lower  pH 

values. 

Temperature s t u d i e s  on F I N G A L ' b o r o s i l i c a t e  g l a s s  were performed by E l l i o t  

and Auty  (1967) u s i n g  r a d i o t r a c e r s .  Crushed-glass specimens were leached by a 

once-through method. The l a r g e  temperature c o e f f i c i e n t s  t h a t  were ob ta ined  

corresponded t o  a c t i v a t i o n  energ ies  o f  about 12 t o  20 kca l /mole.  B o r o s i l i c a t e  

g lasses were shown t o  be more du rab le  than  a phosphate g l a s s  by a f a c t o r  of 

-5 t o  10. 

The l e a c h a b i l i t y  o f  s imulated,  v i t r i f i e d ,  h i gh - l eve l  waste was t e s t e d  up 

t o  3 0 0 ~ ~  by Japanese workers  (Amano 1979) u s i n g  a high-pressure, Soxh le t  

l e a c h a b i l i t y - t e s t i n g  dev ice.  Granules, r ang ing  f rom 35 t o  60 mesh, were ' 

t e s t e d  f o r  2 , h r  a t  t h e  r a t i o  o f  6  t o  300 ml o f  d i s t i l l e d  water. The leach  
-2  -1 

r a t e s  based on cesium were 6.5 x  and 1.3 x g/cm d a t  100 and 

29s0c, r e s p e c t i v e l y .  A l though sodium was leached a t  about t h e  same r a t e  as 
. . . . , . 



FIGURE 4.11. The E f f e c t  of pH on Leach Rate o f  Glasses 189 and 209 
a t  D i f f e r e n t  Temperatures (adapted f r om B o u l t  e t  a l .  
1979) 
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f n r  cesium and -4.6 k c a l l m o l e  f o r  sodium), so t h a t  t h e  295Oc r a t e  i s  approx i -  

m a t e l y  one- four th  t h a t  f o r  cesium. The r e s u l t s  a re  comparable t o  those  f o r  

l e a c h i n g  of 13?cs f r o m  cement composi tes (Emura 1974), i n  which tact was ' 

de te rmined  t o  be about 4 t o  5 kca l lmo le .  

4.4.3 ~ ~ d r o t h e r r n a l  React i o n s  and T h e i r  Impact on Leaching Behav ior  

A f t e r  a r e p o s i t o r y  i s  sealed, t h e  p o t e n t i a l  e x i s t s  f o r  hydrothermal  reac- 

t i o n s  ( r e a c t i o n s  w i t h  w a t ~ r  under p ressu re  a t  temperatures > 1 0 0 ~ ~ ) .  The poten- 

t i a l  f o r  t h e  r e a c t i o n s  cannot  e x i s t  un l ess  s e v e r a l  p r e c u r s o r ' e v e n t s  occur  

c o n c u r r e n t l y :  1) t h e  emplaced waste must c o n t a i n  enough s e l f  heat  t o  r a i s e  
' 

t h e  tempera tu re  above 1 0 0 ° ~ ,  2 )  wa te r  must be p resen t ,  3 )  t h e  r e p o s i t o r y  sys- 

tem must be sea led  so t h a t  t h e  wa te r  does n o t  escape as steam, and 4)  t h e  hard 

b a r r i e r s  i n  t h e  waste package -, i.e., t h e  c a n i s t e r  and overpack, must f a i l  so 

r a p i d l y  t h a t  t h e  wa te r  w i l l  s t i l l  be above 1 0 0 ~ ~  when i t  c o n t a c t s  t h e  waste 



f o r m .  S tud ies  o f  t h e  s t a b i l i t y  of po ten t i a1 ,was te  forms such . n as b o r 0 , s i l i c a t e  
A 

g l ass  have 'been conducted under hydrothermal cond i t i ons ,  .and s i g n i f i c a n t  

a l t e r a t i o n s ,  i n c l u d i n g  d e v i t r i f i c a t i o n ,  have been repo r ted  (McCarthy 1979, 

McCarthy 1978, U.S. DOE 1980, and B r a i  t h w a i t e  1979). Mas te l rock  i n t e r a c t i o n s  

a t  e l eva ted  ' temperatures and pressures, i n  t h e  presence o f  .water, may be a 

acce le ra ted  over those same i n t e r a c t i o n s  a t  room temperature.  The phenomenon 

needs much g r e a t e r  s tudy  i n  o rde r  t o  r e l i a b l y  p r e d i c t  long-term behav io r  and 

d u r a b i l i t y  o f  t h e  p o t e n t i a l  waste forms be ing 'cons idered .  

Long-term, e levated- temperature l each ing  o f  s imu la ted  waste g l a s s  and 

ceramic m a t e r i a l s  was performed by Kenna and coworke,rs (1978) a t  Sandia 

Labora to r ies .  They r e p o r t e d  a p e r i o d i c  process i n  which maximum and minimum 

leach ing  r a t e s ' a r e  obtai 'ned c y c l i c a l l y ;  t h i s  e f f e c t  appears t o  be due t o  

su r f ace  roughening f o l l o w e d  by f o rma t i on  o f  a  su r f ace  f i l m  t h a t  loses  i t s  

i n t e g r i t y  and sloughs o f f .  The f o r m a t i o n  o f  su r f ace  f i l m s  t h a t  would p e r i -  

o d i c a l  l y  s lough o f f  was a l s o  r e p o r t e d  by Dosch (1979) i n  t h e  95Oc. Soxh le t  

leach ing  o f  z inc -boros i  1  i c a t e  g l ass  loaded w i t h  s imu la ted  waste ox ides.  By . 

con t ras t ,  t h e  appearance o f  a  t i t a n a t e  ceramic waste f o rm '  remained unchanged. 

I n  l each ing  s t u d i e s  w i t h  m o n o l i t h i c  samples a t  2 5 0 ' ~  i n . d i s t i l l e d  water, s a i t '  

b r i ne ,  and sea water, t h e  a t t a c k  on bo th  forms w'as more severe a t  t h e  h i ghe r  

temperature, and f o r m a t i o n  o f  su r f ace  f i l m s  sub jec t  t o  s lough ing  o f f  was 

observed w i t h  t h e  g lass.  . . 

Tab le  4.6 compares p r e l i m i n a r y  leach  da ta  f o r  t h r e e  waste forms (SYNROC-0, 

superca' lc ine SPC-4, and b o r o s i l i c a t e  g l ass )  i n  de ion i zed  wate r  a t  t h r e e  

temperatures (150, 250 and 350°c) 

Leaching of s imu l  a ted  h i gh - l eve l  waste glasses, a  superca lc ine ,  and a 

n a t u r a l  g l ass  was s t u d i e d  over  t h e  temperature range o f  250 t o  3 5 0 ' ~  ( ~ e s t s i k  

and T u r c o t t e  1978a). A grouping o f  e lementa l  re leases,  somewhat independent o f  

waste form, was observed. Some elements (e.g., . a f k a l  i s )  e x h i b i t e d  an inc rease  

i n  r e l ease  r a t e  w i t h  temperature,  whi'1.e o t h e r s  (e.g., calc ium, s t ron t ium,  and 

i r o n )  showed a leach- ra te  decrease as temperature increased.  Th i s  behav io r  i s  

r e l a t e d  t o  i n ' d i v i d u a l  chemical  p r o p e r t i e s ,  changes i n  s o l u t i o n  p r o p e r t i e s ,  and 

p o s s i b l e  secondary r e a c t  ions.  Measurable changes a1 so occur red  when t h e  waste 



TABLE 4.6 Comparison of Preliminary'Leach Data for SYNROC, Supercalcine 
SPC-4,.and PNL 72-68 Glass in Deionized Water (adapted from 
Cornman 1980) 

E 1 ement 

Cs 

Na 

M0 

Ba 

Sr 

La 

A 1  
L n  

N i 

. S i  

F e 

2 4 F rac t i on  Leachedlcm x 10 a t  2000 p s i  

Synroc tl SPC-4 PNL-72-68 

1 0 5 ' ~  250°C 350°C 1 5 0 ' ~  2 5 0 ' ~  3 5 0 ' ~  1 5 0 ' ~  2 5 0 ~ ~  3 5 0 ' ~  - -------- 
220 . 350 4 30 7.3 15 9.8 8 29 4 50 

126 215 224 8.2 13 12 lo . 58 1500 

50 50 70 7 13 12 4 52 1100 

0.53 0.18 0.18 -- -- -- 1.6 0.99 1.2 

0.35 0.14 0.12 0.85 0.88 0.58 2.3 3.5 3.6 

0.05 0.08 0.32 -- -- =- -- -- -- 
7.2 1 30.3 6.6 19 12 -- -- -- 

13.1 4.7 0.6 -- -- -- -- - - -- 0.14 

6.5 12.6 0.1 -- -- -- -- -- - 
-- -- -- 24 38 52 , 1 . 5  42 150 

2.8 3.7 n.7 -- -- -- 0.16 0.56 1.9 

solids were contacted with salt brine at temperatures of 250 and 3 5 0 ~ ~ .  Thus 

glass is converted to a mixture of crystalline phases (i.e., undergoes devit- 

rification) within exposure periods of a few weeks. These studies indicate 

that virtually all solid materials show hydro'thermal reactivity at 250 to 

350"~. making such elevated temperatures undesirable for containment of 

radioactivity. 

At Sandia Laboratories. the durability of a simulated copper-borosilicate 

waste glass and titanate waste ceramic under hydrothermal conditions have been 
studied (Braithwaite 1979, Braithwaite and Johnstone 1979). The major factors 

affecting matrix stability and cation leachability were found to be solution 

composition, pH, temperature, particle size, time, and solution saturation and 

equilibrium. Significant hydrothermal effects were observed, indicating that 

these conditions need to be considered and controlled sf the waste form i s  to 

be an effective barrier to release. 

Workers at Argonne National Laboratory (Flynn, Jardine, and Steindler 

1979, Steindler et al. 1980) have investigated high-temperature leaching 

behavior of waste glass and canister materials. Significant differences in 

. the temperature dependence of leach rates of differen.t elements were observed 

(e.g., a waste form unsuitable for cesium a.t high tenlper-atures was not neces- 

sari ly unsuitable for actinides). 



Stud ies  a t - P e n n s y l v a n i a  S t a t e  Univer ,s i ty  have been conducted on hydro- 

thermal  r e a c t i o n s  -of . s imu la ted  h i g h - l e v e l  waste g l ass  w i t h  water  a t  3 0 0 ~ ~  

(McCarthy e t . a l .  1980).  Ex tens i ve  r eac . t i on  occur red  w i t h i n  a  few weeks, 

r e s u l t i n g  i n  d e v i t r i f i c a t i o n  o f  t h e  g lass,  d i s s o l u t i o n  and t r a n s p o r t ,  and 

r e c r y s t a l  1  i z a t  i o n  o f  some o f  t h e  c o n s t i t u e n t s .  McCarthy and coworkers  (1979) 

have a l s o  cons idered  was te l rock  i n t e r a c t i o n s  i n  s t u d y i n g  t h e  s t a b i l i t y  o f  

waste forms i n  r e p o s i t o r y  environments.  

4.5 EFFECT OF LEACHANT COMPOSITION 

When c o n s i d e r i n g  p o t e n t i a l  l each ing  scenar ios  f o r  n u c l e a r  waste forms, a  

broad range o f  l eachan t  compos i t i ons  i s  p o s s i b l e .  The f l u i d s  p o t e n t i a l l y  con- 

t a c t i n g  t h e  waste f o rm  i n c l u d e  t h e  ;lean water  o f  an i n t e r i m  s to rage  bas in ,  

where t h e  i m p u r i t i e s  a re  ma in ta ined  a t  ve r y  low l e v e l s ,  t h e  " rock  soup" o f  a  

wet, waste-heated r e p o s i t o r y ,  where t h e  i m p u r i t i e s  may reach  100,000 ppm ( o r  

even h i ghe r  i n  a  s a l t  r e p o s i t o r y ) ,  and many i n t e r m e d i a t e  composi t ions.  Th i s  

wide range of p o t e n t i a l  l eachan ts  c r e a t e s  t h e  need f o r  s i t e -  and scenar io-  

s p e c i f i c  l each  t e s t s .  T h e s e . t e s t s  w i l l  be conducted when t h e  s i t e s  and sce- 

n a r i o s  a re  b e t t e r  de f i ned .  Meanwhi l e y  many leach  t e s t s  a re  , be i ng  conducted 

us i ng  e i t h e r  gene r i c  compos i t i ons  o r  de ion i zed  wate r  as t h e  leachant .  

The pH of n a t u r a l  waters  ranges between 2 and 10; most ground water,  how- 

ever, l i e s  i n  t h e  more r e s t r i c t e d  pH range o f  5.5 t o  8  (Wedepohl 1967). The 

pH o f  sea water i s  u n i f o r m l y  8 t o  8.4. Inc reased  temperature lowers pH 

because t h e  i o n i z a t i o n  o t  water  inc reases  w i t h  temperature.  I t  has a l s o  been 

repo r t ed  t h a t  t h e  pH o f  t h e  leachan t  can be' lowered i n -  r a d i a t i o n  f ie ' lds  (Ra i  

e t  a l .  1980). Var ious  pH va lues have been r e p o r t e d  f o r  p o t e n t i a l  r e p o s i t o r y  

waters,  r ang ing  f r om pH 3  f o r  ho t  s a l t  b,r ine t o  pH 10 f o r  b a s a l t  and g r a n i t e  

f l u i d s .  

Leaching of most waste forms i s  increased. a t  b o t h  h i g h  and low pH and i s  

minimum a t  pH 6  t o  8. The l each ing  behav io r  o f  waste g lasses  as a  f u n c t i o n  o f  

pH i s  w e l l  documented; l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  concern ing  pH e f f e c t s  

on a l t e r n a t i v e  waste forms, hu t  some deduc t ions  can be made by analdyy w i t h  
C 

non-waste-containing c r y s t a l l i n e  m a t e r i a l s .  



F i g u r e  4.12 shows t h e  leach ing  behavior  o f  severa l  waste-glass composi- 

t i o n s  as a f u n c t i o n  o f  pH. For  comparison, t h e  r e l a t i v e  e f f e c t  o f  pH on r a t e  

o f  a t t a c k  on o r d i n a r y  comnerc ia l  con ta ine r  g lass  i s  shown i n  F igure  4.13. 

FIGURE._4.12. E f f e c t  o f  pH on Leaching Behavior o t  'Typical Boros i  l l c a t e  
Waste Glasses (adapted f rom Ross e t  a l .  1978) 

FIGURE 4.13. E f f e c t  o f  pH. on Leaching o f  Comnercial Con- 
t a i n e r  Glass (adapted from Adams 1972) 



Both f igures  i l l u s t r a t e  t ha t  t he  minimum leach r a t e  occurs around neutral  

conditions, and they a lso  i l l u s t r a t e  various differences tha t  ex i s t  between 
waste and commercial glasses. Because of cotrpositional differences,  a low pH 

has the greater  e f f ec t  on the leaching of waste glass ,  whereas a high pH has 
the  greater  e f f ec t  on t h e  leaching of comnercial glass.  Waste glasses usually 
contain l ess  than 50 w t %  Si02; comnercial container glasses contain more 
than 70 w t X  SiO*. This accounts f o r  the  difference in behavior a t  low pH. 

Behavior d i f ferences  a t  high pH are  probably re1 ated t o  the  re1 a t ive ly  h i g h  

quant i t ies  of t r ans i t i on ,  ra re  ea r th ,  and ac t in ide  elements in  t h e  waste 
glass ,  most of which are insoluble in basic solutions.  

Attack in acid solut ions  i s  mainly due t o  t h e  exchange of hydrogen ions - 
f o r  cat ions  in  the g lass  matrix. The at tack would be expected to  inc-rease 
with increasing acidi ty ;  however, in high-si 1 i  ca glasses the. matrix remains 
r e l a t i ve ly  i n t ac t ,  thus impeding movement of the  ions. In waste g l a s se s , ,  
which normally have a lower s i l i c a  content, more acid-soluble species a r e . i n  
the matrix, and these glasses exhibi t  poorer durab i l i ty  in acid solutions.  
However, as shown in Figure 4.12, the  pH must be l ess  than 4 before. a s i g n i f i -  
cant increase in leach r a t e  occurs. 

The s t a b i l  i  t y  of na tura l ly  occurring minerals var ies  under acid a t tack.  
Some minerals, such as quartz and zircon, are very insoluble in acids. Others 
may p a r t i a l l y  dissolve ,  leaving a s i l i ceous  framework, or even become t o t a l l y  
gel a t inous  (Carroll  1970, p. 101). Data on the  pH dependency of water attack 
on several  minerals can be found in t he  following references: Grandstaff 

. 

1977, Luce e t  al-. 1972, Siever and Woodford 1979, White and Cl aassen 1979, and 
Wollasf 1967. In a l l  cases, the r a t e  of at tack increases as the  pH decreases. 
The highest pH studied in these references was 9.6, which corresponded to  the  
lowest r a t e  of a t tack.  Waste .glasses a l so  exhibi t  low r a t e s  of at tack a t  
pH 9 ..6 and even well beyond pH 10, the extreme occurring. in nature ( see  Fig- 

ure 4.12). In contras t ,  the  attack on comnercial container g lass  begins t o  

accelera te  a t  about pH 8. 

Mechanisms postulated as . responsible f o r  .alkaline at tack on s i  1 i c a t e  
glasses  include 1) the  increased so lub i l i t y  of s i l i c a  in  a lka l ine  solut ions  
due t o  formation of HSi03' ions and 2 )  t h e  d i r ec t  OH' a t tack on s i l i c a  in 



t h e  g lass  ma t r i x .  Even fused s i l i c a  and quar tz  are attacked, beginning a t  

about pH 9. But  t h e  a t tack  on a t  l e a s t  some waste glasses remains low up t o  

pH 11 and on some minera ls  t o  a t  l e a s t  pH 9.7. Apparent ly  c e r t a i n  c o n s t i t u -  

en ts  i n  these m a t e r i a l s  hydrate on t h e  sur face and form a b a r r i e r  t h a t  impedes 

a t tack  on t h e  s i l i c a  mat r ix .  Zirconium, f o r  instance, i s  added t o  comnercial 

g lasses f o r  app l i ca t i ons  where a very h i g h  a l k a l i n e  d u r a b i l i t y  i s  des i red  

(Paul 1977). The r a r e  earths, i ron ,  t i tan ium,  and some o f  t h e  ac t i n ides  

should a1 so p rov ide  a l k a l i n e  p ro tec t i on .  

Exper imenta l ly  t h e  pH dependence o f  leach r a t e s  has u s u a l l y  been deter -  

mined by  adding mineral  acids o r  bases, o r  by  us ing buf fe rs ,  t o  achieve the  

des i red  pH. Unless b u f f e r s  are used, some changes i n  pH w i  11 occur dur ing  t h e  - 
course of t h e  experiment. Th is  can be counteracted by adding an automatic pH 

t i t r a t o r  f i l l e d  w i t h  m ine ra l  a c i d  t o  t h e  experiment f o r  pH con t ro l .  If a bu f -  

f e r  s o l u t i o n  i s  used, care must. be taken t o  ensure t h a t  the  leach r a t e  i s  no t  

i n f  1 uenced b y  complexing o r  o t h e r  reac t i ons  due t o  s p e c i f i  c b u f f e r  c o n s t i t u -  

ents. For  instance, acetate has been found t o  g r e a t l y  increase the  leach r a t e  

o f  waste g lass  (Ross e t  a l .  1978). 

4.5.2' E f f e c t  o f  Eh 

The o x i d a t i o n  p o t e n t i a l  o f  ground water, u s u a l l y  expressed as Eh, gener- 

a l l y  decreases w i t h  depth i n  t h e  ear th .  A t  proposed r e p o s i t o r y  depths o f  

30U t o .  lUUU m, p o t e n t i  a1 1 eachjng cond l t l ons  are expected t o  be h i g h l y  reduc- 

ing .  Oxygen from t h e  a i r  w i  11, o f  course, be int roduced dur ing r e p o s i t o r y  

min ing  and operat ion,  b u t  some proposed r e p o s i t o r y  l oca t ions  con ta in  s u f f i -  
2 c i e n t  S- , ~e" ,  etc., t o  r a p i d l y  r e - e s t a b l i g h  reducing cond i t i ons  f o l l o w -  

i n q  reposi tor .y  c losure.  , 

The leach r a t e  of any element t h a t  r e a d i l y  e x i s t s  i n  more than one valence 

s t a t e  can conceivably be inf luenced by t h e  Eh o f  t he  leaching so lu t i on .  Impor- 

t a n t  waste rdd ionuc l ides  t h a t  f a l l  i n  t h i s  category are "TC and a l l  t h e  

a c t i n i d e s  except probably curium and americi  um. 

The o x i d a t i o n  p o t e n t i  a1 becomes e s p e c i a l l y  important  i n  t h e  leaching o f  

spent fue l ,  f o r  which most o f  the  leach t e s t i n g  under reducing cond i t ions  has 



been done. Otherwise, n e a r l y  a l l  t h e  leach t e s t  da ta  r e p o r t e d  i n  t h e  l i t e r a -  

t u r e  have been ob ta ined  i n  a i r - s a t u r a t e d  s o l u t i o n s .  The Eh i s  n o t  u s u a l l y  

repor ted ,  b u t  i t  may be assumed t o  be i n  t h e  range +0.4 t o  +0.8. 

Uranium i s  more mob i l e  i n  t h e  hkxaval .ent  s t a t e .  Therefore,  leach  t e s t s  

of spent f u e l  i n  which a i r  o x i d a t i o n  o f  U02 can occur  may y i e l d  leach r a t e s  

t h a t  overes t imate  t h e  r a t e s  i n  a  r e p o s i t o r y  s i t u a t i o n .  For  t h i s  reason, 

N o r r i s  (1979) leached spent  f u e l  under r educ ing  cond i t i ons .  He r e p o r t e a  lower 

leach  r a t e s  f o r  seve ra l  spen t - fue l  c o n s t i t u e n t s  when reduc ing  c o n d i t i o n s  were 

employeo. Cesium was an except ion;  i t s  leach  r a t e  was appa ren t l y  independent 

o f  Eh. 

Measurement o f  Eh i s  d i f f i c u l t  ( B r a n d s t e t t e r  e t  a l .  1979). Leach t e s t s  

i n  which Eh can be c o n t r o l l e d  and known q u a n t i t a t i v e l y  a r e  c u r r e n t l y  b e i n g  

designed, b u t  as y e t  none has a t t a i n e d  widespread acceptance. Use o f  a  g l ove  

box w i t h  an i n e r t  o r  r educ ing  atmosphere may be des i r ab le .  N o r r i s  (1979) 

a d j u s t e d  Eh by pu rg ing  h i s  apparatus w i t h  a  m i x t u r e  o f  hydrogen and argon. . 

Other workers a r e  i n v e s t i g a t i n g  t h e  use o f  quinhydrone, o r  p r e - e q u i l i b r a t i o n  

o f  t h e  leachant  w i t h  i r o n  (11)  compounds. 

4.5.3 Cat ions and S i l i c a  i n  Leachant 
+ + 

The major c a t i o n s  p resen t  i n  n a t u r a l  wa te rs  a r e  Na , K , ~a'' and 

M ~ + ~ .  Apprec iab le  concen t ra t i ons  o f  t hese  c a t i o n s  a r e  p resen t  i n  r a i nwa te r ,  

as shown i n  Tab le  4.7, and h i g h e r  concen t ra t i ons  a r e  found i n  t e r r e s t r i a l  

waters. 

The temperature o f  n a t u r a l  waters  e x e r t s  a . l a r g e  i n f l u e n c e  on t h e i r  compo- 

s i t i o n s .  As shown i n  Tab le  4.7, hydrothermal  wa te r  ( n a t u r a l  wa te rs  c o l l e c t e d  

a t  2 2 0 ' ~ )  can e x h i b i t  bo th  l a r g e r  concen t ra t i ons  and a  much w ider  range o f  d i s -  

so l ved  c a t i o n s  than  o r d i n a r y  ground water .  

Water i n  g r a n i t e  format ions, f o r  example, may have a  h i g h  s i l i c a  con ten t ,  

so s i l  i c a t e s  e n t e r i n g  wate r  f rom o o r o s i l  i c a t e  g l a s s  c o u l d  ,produce a  s a t u r a t i o n  

e f f e c t  ( H i l l  and Grimwooa 1978). 

S i l i c a  i s  assumea presen t  as H4Si04 o r  h i g h e r  po l ymer i c  species.  

Moreover, t r a c e  concen t ra t i ons  o f  o t h e r  chemical  spec ies not'  shown i n  



TABLE 4.7. Rep resen ta t i ve  Concentrat ions,  ppm, o f  Ca t ions  
and S i l i c a  i n  N a t u r a l  Waters (adapted f rom 
Wedepoh 1  1967) 

Ra in  
Water 

T e r r e s t r i a l  
Water 

5.8 

Hydrothermal 
S o l u t i o n  

51,000 

Tab le  4.2 may be p resen t .  Fo r  ins tance ,  i t  has been proposea t h a t  an alumino- 

s i l i c a t e  complex i s  p resen t  i n  n a t u r a l  waters .  I t s  e q u i , l i b r i u m  w i t h  an alumi- 

n o s i l i c a t e  s u r f a c e  f i l m  i s  h y p 0 t h e s i z e d . a ~  b e i n g  r e s p o n s i b l e  f o r  t h e  long-term 

s t a b i l i t y  o f .many  m i n e r a l s  i n  n a t u r e  (Paces 1973). 

L i m i t e d  leach t e s t i n g  o6 s o l i d i f i e d  waste m a t e r i a l s  has been done w i t h  

n a t u r a l  wa te rs  o r  w i t h  wate r  i n  which some n a t u r a l 1 y . o c c u r r i n g  c o n s t i t u e n t s  

have been s imu la ted .  Genera l l y ,  when compared w i t h  r e s u l t s  ob ta i ned  b y  

d e i o n i z e d  water  l each ing ,  lower  leach  r a t e s ' a r e  ob ta i ned  when t h e  i n i t i a l  

l eachant  c o n t a i n s  c a t i o n s  o r  s i l i c a ,  b u t  t h e  d i f f e r e n c e s  a r e  n o t  l a rge .  



Workers a t  Harwell (Johnson and Marples 1979) have reported v i r t ua l l y  no 
di f ference in the leaching of borosi l i c a t e  gl asses a t  ambient temperatures by 
d i s t i l l e d  waters or sea water. 

4.5.4 Anions and Organics in Leachants 

Sulfa te ,  chloride,  and dissolved C02 as HC03- or C o g -  a re  ubiquitous in 
natural waters. Some representati  ve concentrations in natural waters are  
given in Table 4.8. Canplexing between these anions and many ca t ion ic  con- 
s t i t u e n t s  of nuclear waste may occur. 

s trong chela te  complexing of some of t he  cations i s  poss-ible with humi c 
and f u l v i c  acids (Carroll  1970, p. 125). These organic compounds. are present 
in a t  l e a s t  the  ppm concentration range in  most t e r r e s t r i a l  waters. Bacteria 
and fungi can a l so  accelera te  the  attack on minerals i n  nature. The accel- 
e ra t ion  can be due t o  bacterial-induced oxidation of iron or uranium, f o r  
i nstance. Acceleration can occur a1 so through bacteri  a1 production of car-  
bonic, n i t r i c ,  formic, or other acids (Winkler 1973, p .  155). The occurrence 
of organic compounds i s  not limited t o  surf  ace waters. Shales, the  most 
abundant sedimentary rocks, have an average carbon content of 0.5 t o  0.6 w t X .  
Water i n  equilibrium with these rocks contains t races  of organic material .  

Only limited leach tes t ing  has been done in which the  i n i t i a l  leachant 
contained organics. The resu l t s  generally show tha t  i f  there  i s  a measurable 

TABLE 4.8. Representati ve Concentrations, ppm, of Anions 
in Natural Waters (adapted from Wedepohl 1967) 

Rain- Ter res t r i  a1 Hydrothermal 
water Water Solution 



e f f e c t  t h e  leach r a t e  increases and t h a t  t h e  most marked e f fec t  r e s u l t s  f rom 

t h e  a d d i t i o n .  of o rgan ic  chel  a t i n g  agents. 

4.6 EFFECT OF RADIATION 

S o l i d i f i e d  r a d i o a c t i v e  wastes r e c e i v e  s u b s t a n t i a l  rad ia t i on .doses  over 

l ong  per iods  f rom r a d i o a c t i v e  decay o f  t h e  incorpora ted  rad ionuc l ides .  Alpha, 

beta, and gamma r a d i a t i o n s  a re  associated w i t h  decay o f  a c t i n i d e s  and f i s s i o n  

products.  Neutron r a d i a t i o n  i s  a l s o  produced by  (a, n )  reac t i ons  when a c t i -  

n ides  a re  present  and, t o  a  smal ler  extent ,  by spontaneous f i s s i o n .  The f i s -  

s i o n  fragments formed i n  f i s s i o n  r e a c t i o n s  w i l l  l i k e w i s e  impart  energy (i.e., 

c o n t r i b u t e  r a d i a t i o n  dose) t o  the  waste form. 

A d e t a i l e d  d i scuss ion  o f  r a d i a t i o n  e f f e c t s  on nuc lear  waste forms i s  

g iven i n  Sect ion 6.0. Changes t h a t  can occur i nc lude  t ransmuta t ion  e f f e c t s ,  

displacement events, ox ida t i on - reduc t i on  reac t ions ,  and s to red  energy bui ldup.  

Any o f  t he  rad ia t ion- induced changes discussed above may be r e l a t e d  t o  

changes i n  t he  l each ing  p r o p e r t i e s  o f  nuc lear  waste forms. Leaching i s  a  c o w  

p l e x  process t h a t  i s  expected t o  vary  w i t h  changes i n  waste composit ion and 

phys i ca l  p rope r t i es .  Furthermore, i n  t h e  presence o f  l o c a l l y  i n tense  rad ia-  

t i o n  f i e l d s  ana t h e  r a d i o l y s i s  products generated both i n  t he  s o l i d  waste form 

and i n  t h e  c o n t a c t i n g  f l u i d ,  changes i n  t h e  leach ing  mechanisms and r a t e s  may 

occur.  For t h i s  reason, leach ing  experiments are  most a p p r v p r i a t e l y  performed 

w i t h  r a d i o a c t i v e  specimens ( i f  poss ib le ,  w i t h  specimens f u l l y  loaded w i t h  the  

nuc lear  waste) t h a t  have rece ived a range o f  r a d i a t i o n  doses. 

I r r a d i a t i o n  w i t h  %MeV e lec t rons  t o  d o s e s o f  10'' rads has been repo r ted  

t o  have l i t t l e  e f f e c t  on t h e  leach r a t e  o f  b o r o s i l i c a t e  glass, b u t  t h i s  t r e a t -  

ment a t  temperatures above 5 5 0 ' ~  increases t h e  leach r a t e  o f  phosphate g lass  

(Laude e t  a l ,  1976; Grover and Walms1e.y 1967, 1969), p o s s i b l y  because rad ia-  

t i o n  increases d e v i t r i f i c a t i o n  e f f e c t s  a t  h ighe r  temperatures. The n e g l i g i b l e  

e f f e c t  o f  i r r a d i a t i o n  by ene rge t i c  e lec t rons  t o  a  dose o f  1.2 x  1011 rads on 

t h e  leach r a t e  o f  glasses was a l so  repo r ted  by  workers i n  France (Jacquet- 

F r a n c i l l o n  e t  a l .  1978); a  second leach ing  process c a r r i e d  o u t  a f t e r  10 y r  

o f  s torage i n d i c a t e d  no change i n  the  ' leaching r a t e s  o f  b locks  con ta in ing  



1000 C i / R  of , .glass. Mendel (1977) has - repo r ted  t h e  absence o f  an i r r a d i a t i o n  

e f f e c t  .on t h e  l each ing  o f  b o r o s i  1 i c a t e  g lasses  a f t e r  t h e y  rec5 i ved  beta-gamma 

doses o f  1 t o  4.6, x 1011 rads.  Gamma i r r a d i a t i o n s  t o  a  t o t a l  dose o f  10'' rads  

a t  ambient temperature (Johnson and Marples 1979) and a t  350 t o  7 8 9 ' ~  (Grover 

and Walmsley 1969) had no d i s c e r n i b l e  e f f e c t  on t h e  d u r a b i l i t y  o f  b o r o s i l i c a t e  

glasses. 

The l e a c h a b i l i t y  o f  s t r o n t i u m  f rom conc re te  samples c o n t a i n i n g  s imu la ted  

Savannah R i v e r  P l a n t  (SRP) waste sludges was u n a f f e c t e d  by gamma doses- t o  

l o l o  rads, s i m u l a t i n g  a  100-yr dose f r om a c t u a l  waste (Stone 1979). 

McVay (1979) has s tud ied  t h e  l each ing  behav io r  o f  a  g l ass  and a  superca l -  
6  8 

c i n e  i n  a  gamma f i e l d  of 2.4 x 10 R / h r  f o r  310 h r  ( t o t a l  dose 7.4 x 10 R).  

H i s  r e s u l t s ,  r e p o r t e d  as f r a c t i o n a l  leach  r a t e s  i n  s a l t  water  and i n  de ion i zed  

water, are shown i n  Table 4.9. I n  t h i s  study, t h e  gamma i r r a d i a t i o n  d u r i n g  

t h e  leach ing  s i g n i f i c a n t l y  a f f e c t e d  t h e  leach  r a t e s  o f  most elements de tec ted  

i n  t h e  leachates. 

B o u l t  and coworkers (1979) prepared g l a s s  spec'imens doped w i t h  5  w t %  

2 3 8 ~ u ,  which gave as many a lpha decays/cm3 i n  one yea r  as t h e  a c t u a l  waste 

would rece i ve  i n  seve ra l  hundred years.  The specimens were leach- tes ted  by  a  

TABLE 4.9. F r a c t i o n a l  Release Rates Obta ined Du r i ng  Gamma I r r a d i a t i o n  
o f  Glass and Superca lc ine  Samples (adapted f r om McVay 1979) 

SC-SW SC-DIW 
no i r r a d i a t i o n ,  

(cm2. h r ) - 1  
y - i r r a d i a t i o n ,  

(cm2 h r ) - 1  
no i r r a d i a t i o n ,  

(cm2. hr ) -1  Element 

S i 
B 

C a  

Sr 

Ba . 
Na 

' Cs 

Mo . 
Ni 

wt loss 

( a )  Saltwater  s o l u t i o n  (700 ppm Na) 
( b )  Deionized water  



S o x h l e t  techn ique  a t  t h e  i n t e r v a l s  shown \ n  Tab le  4.10. A l though  t h e  spec i -  
9 

mens were n o t  leach- tes ted  immed ia te ly  a f t e r  be ing  prepared, t h e  leach  r a t e s  

ob ta i ned  a f t e r  one y e a r ' s  s t o rage  a t  50 and 1 7 0 ' ~  were about as expected f o r  

specimens o f  t h i  s  compos i t i on  and were t h e  same as those  o f  2 3 9 ~ u 0 2 - c o n t a i n i n g  

c o n t r o l  specimens. Leach r a t e s  inc reased  about 50% f o l l o w i n g  s to rage  f o r  a  

second year ,  bu t  no apparent  change occu r red  i n  t h e  t h i r d  y e a r ' s  s torage.  ' A  

specimen o f  t h e  g l a s s  was a l s o  i r r a d i a t e d  i n  a  Van de G r a a f f  a c c e l e r a t o r  t o  

s i m u l a t e  100 y r  o f  s torage.  The inc reased  leach  r a t e s  observed w i t h  t h e  e lec -  

t r o n - i r r a d i a t e d .  specimens may have been due s imp l y  t o  t h e  annea l ing  o f  t h e  

specimens, which r e s u l t e d  f r o m  t h e  h e a t i n g  e f f e c t  of t h e  beam. 

The e f f e c t  o f  a l pha  r a d i a t i o n  on t h e  l each ing  o f  a c t i n i d e  elements f r om  

SRP waste g l a s s  has been examined by ~ i b l e r  arid K e l  l e y  (1978).  Bo ros i  l i c a t e  

g l asses  doped w i t h  244~rn  and 2 3 8 ~ u  were leach- tes ted  soon a f t e r  . f a b r i c a t i o n  

and about 9  months l a t e r ,  as shown i n  Tab le  4.11. The r a d i a t i o n  exposure 

appeared t o  have no e f f e c t  on t h e  l e a c h a b i l i t y  of these  specimens. More than  
6 10 y e a r s  o f  s t o rage  would be necessary f o r  t h e  a c t u a l  waste g l a s s  t o  accumu- 

l a t e  t h e  doses r e c e i v e d  b y  these  specimens. The va lues i n  Tab le  4.11 a l s o  

agree w i t h  those  de te rmined  f o r  t h e  r e l e a s e  o f  a lpha  r a d i o a c t i v i t y  f r om  t e s t  

samples o f  g l ass  c o n t a i n i n g  a c t u a l  SRP waste ( K e l  l e y  19/51.  

Rad ia t ion - induced  changes i n  p o t e n t i a l  l each ing  f l u i d s  and i n  su r round ing  

geomedia can a l s o  s i g n i f i c a n t l y  a f f e c t  r e l e a s e  r a t e s  and t h e  m i g r a t i o n  o f  

r a d i o n u c l i d e s  f r o m  waste forms i n  a  r e p o s i t o r y .  Jenks (1980) has rev iewed 

TABLE 4.10. 238pu-80ped Glasses Leach-Tested by Soxh le t  Technique 
(adapted f r o m  Boult .  1979) 

H o l d i n g  Temperature, 
' c T o t a l  Dose 

F i r s t  Subsequent Over 3  Y r ,  Leach Rates, c ~ / c m ~ - d  a t  1 0 0 ~ ~ ~  A f t e r  
Y c dr. Years D i s i n t e g r a t i o n s l g  1 Y r  2 Yr 3 Y r  



TABLE 4.11. Leachabi 1  i t y  o f  2 4 4 ~ m  and 2 3 8 ~ u  from Boros i  l i c a t e  Glasses 
Conta in ing Simulated SRP Rad ioac t ive  ~ a s t e ( a )  (adapted 
f rom B i b l e r  and K e l l e y  1978) 

Age o f  G1 ss, f 
Leachabi 1  i ty, g/cm2*d F r a c t i o n  Leached 

days ( b  244~m Glass 2 3 8 ~ ~   lass 2 4 4 ~ m  Glass 2 3 8 ~ ~  Glass 

( a )  Waste was 50 mol% each o f  Fe(OH)3 and Mn02. 
( b )  Samples were leached i n  150 m l  of d i s t i l l e d  water a t  ambient temperature 

f o r  24 h r .  Fresh water was added d a i l y .  

i n fo rma t i on  on t h e  r a d i a t i o n  chemist ry  e f f e c t s  i n  b r i n e s  and s a l t  depos i ts  and 

has discussed t h e  needs f o r  a d d i t i o n a l  experimental  data. 

4.7 EXTRAPOLATION OF LEACHING BEHAVIOR . . ... 

Mathematical models are being used t o  evaluate t h e  long- term .sa fe ty  o f  

geo log ic  d isposa l  o f  nuc lear  waste. The sa fe ty  analyses, o r  r i s k  assessments, 

use a sequence o f  mathematical models (shown i n  F igu re  4.14) t o  represent  t h e  

pathway t h a t  rad ionuc l i des  would have t o  t r a v e l  from a r e p o s i t o r y  through t h e  

i n te rven ing  geo log ica l  format ions i n t o  c o n t a c t . w i t h  man. The r a d i o n u c l i d e  

source term i n i t i a t e s  t h e  sequence. The source term i s  de f i ned  by t h e  leach 

FIGURE 4.14. Mathematical Models Used i n  Safe ty  Ana lys is  o f  
Geologic Disposal o f  Rad ioac t ive  Waste ' . 
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r a t e ,  o r  i n  some cases i t  may be d e f i n e d  by s o l u b i l i t y  and e q u i l i b r i u m  cons id-  

e r a t i o n s .  T h i s  document d e a l s  o n l y  w i t h  t h e  f i r s t  model, which i s  impo r tan t  

because i t  d e f i n e s  t h e  q u a n t i t y  o f  r a d i o n u c l i d e s  t h a t  feeds i n t o  t h e  subse- 

quen t  models. 

4.7.1 E x t r a p o l a t i o n  Techniques Used i n  R isk  Assessments 

I n  t h e  g e o l o g i c - r e p o s i t o r y  r i s k  assessments t h a t  have been made, a  con- 

s t a n t  f r a c t i o n a l  r e l e a s e  r a t e  f r om  t h e  waste f o rm  has u s u a l l y  been assumed 

( K o p l i k  e t  a l .  1979, Tab le  4.1-1). Use o f  a  cons tan t  f r a c t i o n a l  r e l e a s e  r a t e  

i m p l i e s  t h a t  a  cons tan t  l each  r a t e  can be expected i f  wate r  c o n t a c t s  t h e  

waste f o rm  i n  t h e  r e p o s i t o r y .  T h i s  i s  assumed because i n s u f f i c i e n t  da ta  e x i s t  

t o  a l l o w  more s o p h i s t i c a t e d  model ing.  I n  most l a b o r a t o r y  t e s t s ,  however, t h e  

l each  r a t e s  a re  n o t  cons tan t ;  t h e y  decrease w i t h  t ime, b u t  t h e y  do appear t o  

t e n d  toward a  cons tan t  r a t e  as t h e  d u r a t i o n  o f  t h e  exper iment  i s  extended. 

4.7.2 Mechanisms C o n t r o l l i n g  Long-Term Leaching 

The b u l k  l each ing  o f  waste s o l i d s ,  when t h e y  a re  con tac ted  by aqueous 

f l u i d s ,  w i l l  v a r y  acco rd i ng  t o  c o n d i t i o n s  o f  compos i t i on  o f  f l u i d  and s o l i d ,  

temperature,  su r f ace  c o n d i t i o n ,  sur face-area t o  so lu t ion-vo lume r a t i o ,  geo- 

m e t r i c  f a c t o r s  such as surface-to-volume r a t i o  f o r  t h e  s o l i d ,  and o t h e r ' f a c -  

t o r s .  I n  genera l ,  l e a c h i n g  w i l l  f o l l o w  a  t1I2 dependence, where t i s  equal  

t o  t ime,  i f  t h e  r a t e - d e t e r m i n i n g  s teps  i n v o l v e  s imp le  d i f f u s i o n ;  l each ing  w i l l  
1 f 01 low a  t dependence i f  t h e  rate-determining s teps  i n v o l v e  s i ~ r ~ p l e  curar.u- 

s ion .  Thus, f o r  t h e  l e a c h i n g  o f  component 'i" f o r  which a  t1I2 dependence 

i s  observed, t he  f r a c t i o n a l  r e l e a s e  o f  "i" a t  t i m e  t i s  g i v e n  by  

where a. i s  a  cons tan t .  I n  t h e  case 01, s imp le  d i f f u s i o n  f r om a  s e m l - j n f l n l t e  

s o l i d ,  a  r i g o r o u s  s o l u t i o n  (Godbee and Joy 1974) i s  

Fi ( t )  = Z(S/V) ( D t l n )  
1.1 2  



where 

S = su r f ace  a rea  

V = volume of t h e  s o l i d  sample 

D = e f f e c t i v e  d i f f u s i v i t y  o f  spec ies  "i" w i t h i n  . t h e  . g l a s s y  s o l i d  

t = t i m e  o f  l e a c h i n g  exper iment.  

On t h e  o t h e r  hand, i f  c o r r o s i o n  i s  ra te -de te rmin ing ,  t h e  r e l a t i o n s h i p  

becomes 

where b  i s  a  cons tan t .  

The gene ra l i zed  express ion,  showing t h e  s imul taneous dependency on d i f f u -  

s i o n  and co r ros i on ,  which n o r m a l l y  a p p l i e s  t o  g l a s s y  s o l i d s ,  i s  t h e  f o l l o w i n g :  

F i ( t )  = at1J2 + b t .  

I n  terms of t h e  observed f r a c t i o n a l  r e l e a s e  r a t e ,  t h e  f o l l o w i n g  exp ress i on  

appl i e s :  

-. 

More compl i ca ted  r a t e  express ions  a p p l y  f o r  f i n i t e  s o l i d s  and f o r  l e a c h i n g  i n  

t h e  l a t e r  s tages (e.g., - >75% r e l e a s e )  ; however, t h e  s imp le  express ions  g i v e n  

here a re  u s e f u l  f o r  approx imat ing  t h e  l e a c h i n g  process. 

The r e l e a s e  o f  i ons  f r om  a  s o l i d  t o  a  l i q u i d  i s  c o n t r o l l e d  b y  mechanisms 

i n v o l v i n g  b o t h  t h e  s o l i d  and t h e  1  i q u i d  (p lu 's  any f i l m .  l a y e r s ,  t h a t  may be pres-  

en t ) .  The d i f f u s i o n - c o n t r o l l e d  k i n e t i c s  a r e  a f f e c t e d  by  t h e  r a t e  a t  which t h e  

l i q u i d  moves p a s t  t h e  s o l i d  as w e l l  as t h e  c o n c e n t r a t i o n  o f  i ons  i n  t h e  l i q u i d .  

I n  a  s tagnant  o r  f i n i t e - v o l u m e  leachant ,  a  b u i l d u p  o f  c o r r o s i o n  p roduc t s  can 

a l t e r  t h e  observed ra te ,  due t o  accumula t ion  e i t h e r  in .  t h e  l e a c h a n t - i t s e l f  o r  



i n  a  sur face f i  l m .  Thus, t he  observed re lease r a t e s  depend upon such expe r i -  

mental  leach ing  c o n d i t i o n s  as f l ow  rate,  pH, and l i q u i d - t o - s o l i d  r a t i o .  Con- 

sequent ly, i t  i s  important  t o  have standardized leaching cond i t i ons  when 

comparing r e s u l t s  o f  d i f f e r e n t  l a b o r a t o r i e s  and f o r  d i f f e r e n t  s o l i d  waste 

forms ., 

U n c e r t a i n t i e s  i n  t he  i n t e r p r e t a t i o n  of leach data have fo rced mathematical 

modelers t o  make conserva t ive  assumptions. They have general l y  se lected a  

s i n g l e  leach- ra te  value obta ined from h igh  f l ow  ra te ,  shor t - te rm t e s t s .  Thus 

t h e  e f f e c t s  o f  t h e  low f l o w  ra tes  t h a t  w i l l  gene ra l l y  predominate around t h e  

waste fo rm are n o t  incorporated.  

The mathematical expressions used t o  model the  leaching process have been 

e i t h e r  developed f rom f i r s t  p r i n c i p l e s  o f  mass t r a n s f e r  o r  der ived e m p i r i c a l l y .  

For  example, Godbee and Joy (1974) repor ted  t h a t  a  r i y u r o u s l y  developed model, 

t a k i n g  i n t o  account d i f f u s i o n  and m a t r i x  d i s s o l u t i o n ,  agreed we l l  w i t h  exper i -  

mental  data. G r i f f i n g  (1974) showed t h a t  a  somewhat d i f f e r e n t  model cou ld  

accu ra te l y  descr ibe t h e  re lease of cesium from p o l  l u c i t e .  Both authors noted 

t h a t  t h e i r  models were app l i cab le  t o  s p e c i f i c  mechanisms on l y  and t h a t  other,  

o f t e n  more complicated, models were sometimes necessary t o  descr ibe the  

leach ing  process. 

Emp i r i ca l  models are f r e q u e n t l y  used, especi a1 l y  when t h e  leaching mech- 

anism i s  unknown o r  t h e  a n a l y t i c  so lu t i ons  t o  the  mass-transpurt equat ion are 

too  complex f o r  easy a p p l i c a t i o n .  Ewest (1978) used an emp i r i ca l  apprudch f u r  

d e s c r i b i n g  leach ing  processes i n  h i s  "source-term model. " Based on releases 

o f  sodium from a g lass.  t he  equat ion best f i t t i n g  the  data i nd i ca ted  t h a t  t he  

leach r a t e  depended on t irne t o  the  two- th i  rds power r a t h e r  than the  one o r  

one-hal f  power. Lanza e t  a l .  (1980) f i t t e d  weight- loss data f o r  a  waste glass 

t o  a  r e l a t i o n s h i p  s i m i l a r  t o  t h a t  o f  Equat ion (8). Al l l tuuyh l t ~ e  rrlodel d i d  f-it 

t h e  data w e l l  du r i ng  the  i n i t i a l  p a r t  o t  t he  t e s t ,  t he  f i t  was much poorer 

a f t e r  1  onger t imes . 
Thus the  mathematical agreement ( p r e c i s i o n )  w i t h  experimental  r e s u l t s  t h a t  

may be obta ined w i t h  an emp i r i ca l  model may we l l  be l i m i t e d  by t h e  number and 



t ype  o f  terms used. Furthermore, it i s  app l i cab le  o n l y  over t h e  t ime range 

f o r  which data are ava i l ab le .  Ex t rapo la t i ons  beyond t h e  s tud ied  range o f  t h e  

leaching t e s t  must s t i l l  be regarded as tenuous. 

Much can be learned about a n t i c i p a t e d  ,ong-term behavior by exami n a t i o n  
. . 

o f  n a t u r a l  systems. The long-term cond i t i ons  encountered by n a t u r a l  systems 

dur ing  t h e i r  e n t i  r e  h i s t o r y  cannot. be known ex'actly, bu t  good est imates can be 

made. Thus n a t u r a l  systems can serve as long-term "proof  t e s t s "  i f  c o r r e l a -  

t i o n s  between waste forms and na tu ra l  systems can be made. Short- term co r re -  

l a t i o n s  have been made (Tab le  4.12 and F igure  4. i5)  and ,show t h a t  waste forms, 

such as g lass,  have chemical durabi  l i t i e s  equal t o  o r  b e t t e r  than many n a t u r a l  

ma te r i a l s ,  a t  l e a s t  under t he  s p e c i f i c  cond i t i ons  o f  t he  t e s t s .  The problem 

remaining i s  t o  develop a  good s c i e n t i f i c  bas i s  f o r  e x t r a p o l a t i n g  t h e  s h o r t -  

term c o r r e l a t i o n s .  One technique i s  t o  produce waste forms t h a t  resemble 

TABLE 4.12. Comparison o f  t h e  Chemical D u r a b i l i t y  (Soxh le t  Tes t )  ,. 

o f  Waste Glass and Common Minera ls  (adapted f rom 
Ross 1975) 

M i  nera 1  s  W t %  Leached 

Quar t z  c r y s t a l s  0.41 

M i l k y  quar tz  

Do 1orr1 i t e  

HLW glass 

Garnet 

Corundum 

Orthoel  ase 0.90 

Gran i te  

Q u a r t z i t e  

F e l s i t e  2.10 

HLW g lass  ( d e v i t r i f i e d )  

Marble (do lomi te )  

C a l c i t e  . 

Basa l t  
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FIGURE 4.15. Leach Rates i n  2 5 0 ' ~  S a l t  B r ine ,  Based on Weight Loss 
(adapted f rom Mendel e t  a l .  1980) 

n a t u r a l  m a t e r i a l s  o f  demonstrated d u r a b i l i t y  as c l o s e l y  as poss ib l e .  That i s  

a  goa l  o f  much o f  t h e  r e c e n t  waste-form development. But  improved techniques 

f o r  e x t r a p o l a t i n g  l each  d a t a  a re  a l s o  needed. 

C l e a r l y ,  l each  r a t e s  such as shown i n  Tab le  4.12 do n o t  p r e v a i l  i n  na tu re  

.even a f t e r  a  temperature c o r r e c t i o n  I s  app l ied .  I f  they  d i d ,  t h e  l and  masses 

would have d i s s o l v e d  away l ong  ago. The mere f a c t  o f  pe rs i s t ence  of t h e  

n a t u r a l  m a t e r i a l s  demonstrates t h a t  t h e  shor t - te rm leach r a t e s  measured i n  t h e  

l a b o r a t o r y  do n o t  app ly  t o  long-term c o n d i t i o n s .  There a r e  r a t e - i n h i b i t i n g  

processes i n  t he  n a t u r a l  sur roundings t h a t  p r o t e c t  n a t u r a l  m a t e r i a l s  and t h a t  

may a l s o  slow t h e  l each ing  o f  waste forms. 

4.8 SPECIAL CONSIDERATIONS I N  TEST EQUIPMENT AND OPERATION 

Prev ious  sec t i ons  have d iscussed t h e  e f f e c t s  o f  parameters such as tern- 

pera tu re ,  s o l u t i o n  composi t ion,  and r a d i a t i o n  on t h e  chemical  d u r a b i l i t y  o f  

waste forms. These v a r i a b l e s  a re  impor tan t  t o  cons ider  when des ign ing  and 

s e l e c t i n g  a waste t o rm  s i n c e  t h e y  r e l a t e  t o  condSt lons w i t h i n  a r e p o s i t o r y .  



This sec t i on  shows t h a t  t he  exper imenta l  methodology i t s e l f - - a n a l y t i c a l  

methods, sample p repara t ion ,  and t e s t  equipment--can a f fec ' t  t h e  apparent 

d u r a b i l i t y  o f  a waste form. 

Prec ise d e s c r i p t i o n s  o f  the leach ing  c o n d i t i o n s  and t h e  exper imenta l  pre-  

- .  c i s i o n  o f  t h e  r e s u l t s  are f r e q u e n t l y  om i t t ed  from t h e  1  i t e r a t u r e .  Experimental  

s tud ies  o f t e n  i n v o l v e  smal l  specimens and, f o r  l e a c h - r e s i s t a n t  s o l i d  forms, 

o n l y  t r a c e  q u a n t i t i e s  are leached out  o f  t h e  s o l i d  dur ing  t h e  experiment.  

Thus analys is  o f  t he  leachates requ i res  very  s e n s i t i v e  techniques. 

4.8.1 A n a l y t i c a l  Techniques 

Leach r a t e s  are t y p i c a l l y  c a l c u l a t e d  f rom we igh t - loss  measurements o r  

f rom s o l u t i o n  analyses. U n t i l  r e c e n t l y  weight l oss  was perhaps t h e  most 

f r equen t l y  u'sed method t o  determine durab i  1  i ty; however, i t  a lso  prov ided t h e  

l e a s t  i n fo rma t i on  about t h e  1  eaching process. Though simple and rap id ,  weight-  

loss  measurements y i e l d  l i t t l e  i n fo rma t i on  about t h e  re lease o f  i n d i v i d u a l  

elements. Cement samples absorb water dur ing  leach ing  and, there fo re ,  show 

weight gains r a t h e r  than weight  losses. Nevertheless, f o r  glasses leached i n  

deionized water, weight l o s s  i s  r e l a t e d  t o  t h e  re leases of some o f  t h e  more 

mobi le  species. F igure  4.16, taken f rom Westsik and Harvey (1981), shows t h a t  

actual  weight losses were w i t h i n  a  f a c t o r  o f  t h r e e  o f  t h e  mass losses normal- 

i zed  t o  t he  behavior o f  sodium, boron, molybdenum, s i l i c o n ,  cesium, and 

phosphorus. 

I f  weight losses are t o  be measured, t he  specimens must be prepared and 

handled c a r e f u l l y .  Sur f  ace c lean ing  i s  important;  many procedures c a l l  f o r  

u l t r a s o n i c  c lean ing  i n  o rgan ic  so lven ts  before making weight  measurements. 

One p a r t i c u l a r  concern i s  t h e  fo rmat ion  o f  sur face  f i l m s  du r i ng  leaching.  

Some workers p r e f e r  t o  remove t h i s  f i l m  p r i o r  t o  f i n a l  weighing, w h i l e  o thers  

leave the  f i l m  i n t a c t .  It i s  g e n e r a l l y  recognized t h a t  d r y i n g  w i l l  cause 

c rack ing  o f  the  ge la t i nous  sur fdce  f i l m s  and t h a t ,  there fo re ,  a  sample should 

no t  be reused a f t e r  d ry ing .  

So lu t i on  analyses are requ i red  f o r  o b t a i n i n g  d e t a i l e d  i n fo rma t i on  about 

t h e  leach ing  processes. But exper imenta l  problems a r i s e  i n  measuring t h e  low 

concen&~a9ions o f  species re leased i n t o  s o l u t i o n .  . Al though modern chemical 



TIME, days 

FIGURE 4.16. Releases o f  Non rad ioac t i ve  Species f r om PNL 76-68 
Glass i n t o  1 5 0 ' ~  De ion ized  Water 

and rad iochemica l  techn iques  have lowered d e t e c t  i o n  l i m i  t s  t o r  many elements 

t o  t h e  p a r t s - p e r - b i l l i o r i  l eve l ,  even some o f  the most modern exper- i l r~er~ la l  

procedures may need t o  be mod i f i ed .  

A n a l y t  i c a f  p r e c i s i o n  can be improved by i nc reas ing  the arrruurl t ul' tilaterial 

i n  s o l u t i o n .  S ince  l each ing  i s  b a s i c a l l y  a sur face phenomenon, i n c r e a s i n g  t he  

s u r f a c e  area o f  t h e  samples w i l l  r e s u l t  i n  h i ghe r  s o l u t i o n  concen t ra t i ons  f o r  

a g i v e n  exposure t ime.  Where pH i n f l u e n c e s  t h e  l each ing  mechanism, changing 

t h e  r a t i o  o f  s o l u t i o n  volume t o  sample su r f ace  area may change t h e  apparent 

l each  r a t e s  ob ta i ned  f o r  a  g i v e n  waste f o rm  (Hench 1977). 



Other methods t o  jncrease s o l u t i o n  concen t ra t i ons  f 0 r . a  g i ven  t ime  o f  

exposure. i nc l ude  l each ing  a t  e l eva ted  temperatures o r  evapora t ing  t h e  leacha te  

p r i o r  t o  ana lys is .  Ke l  l e y  and Wal lace (,1976) developed a  unique method o f  

concen t ra t i ng  t h e  leached ions.  The leacha te  f rom a  f l o w i n g  system was passed 

through an ion-exchange column before be ing  .recyc.led. 'The ions, concen t ra ted  

i n  t h e  ion-exchange res in ,  were l a t e r  e l u t e d  f r om t h e  r e s i n  column and 

analyzed. 

The p o t e n t i a l  f o r  s o l u b i l i t y  e f f e c t s  on s o r p t i o n  behavior  should be con- 

s idered  i n  exper imenta l  design. Many workers a c i d i f y  t h e  leacha te  o r  add 

complexing agents t o  ensure t h a t  a l l  leached s p ~ c i e s  remain i n  s o l u t i o n .  

M a t e r i a l s  t h a t  have depos i ted  on t h e  leachant  c o n t a i n e r  w a l l s  may be removed 

by r i n s i n g  w i t h  ac ids.  B rad ley  e t  a l .  (1979) have found t h a t  a  5M - H N O ~  - 
0.05M - HF s o l u t i o n  e f f e c t i v e l y  removes a c t i n i d e s  t h a t  have " p l a t e d  o u t "  on 

leachant  con ta ine r  wa l l s .  Other researchers  s imp l y  count  t h e  leachant  

con ta ine r  w i t h  t h e  leacha te  ( S c h e f f l e r  and Krause 1977). 

Rad ioac t i ve  t r a c e r s  can be used t o  f o l l o w  t h e  l each ing  o f  i ons  f r om a  

waste fo rm and t o  improve t h e  p r e c i s i o n  o f  measurements. T racers  have low 

d e t e c t i o n  l i m i t s  and can l a b e l  leached spec ies i n  leachants  t h a t  may a l r eady  

c o n t a i n  non rad ioac t i ve  i so topes  o f  those  species.  I n d i v i d u a l  r a d i o i s o t o p e s  

may be used, o r  a c t u a l  r a d i o a c t i v e  wastes may serve 'as a  source o f  t r a c e r s .  

To overcome some o f  t h e  a n a l y t i c a l  l i m i t a t i o n s  assoc ia ted  w i t h  l each ing  

t e s t s ,  Argonne N a t i o n a l  Labora to ry  has used neu t ron  a c t i v a t i o n  a n a l y s i s  i n  

c o n j u n c t i o n  w i t h  leachab i  1  i t y  exper iments ( S t e i n d l e r  e t  a l .  1978, 1979; F l ynn  

e t  51. 1979). Rad io t race r  tags  a re  generated i n  t h e  waste f o rm  by neu t ron  

i r r a d i a t i o n  o f  t h e  specimen p r i o r  t o  leach ing .  The amounts o f  induced r a d i o -  

a c t i v i t i e s  are determined; t h e  s o l i d  m a t r i c e s  a r e  leached; and t h e  f r a c t i o n a l  

amount o f  r a d i o a c t i v i t y  removed from t h e  s o l i d  i s  measured f o r  each rad ionu-  

c l i d e .  Un fo r t una te l y ,  t h e  method i s  l i m i t e d  t o  o n l y  c e r t a i n  elements. The 

leach r a t e  o f  a  r a d i o t r a c e r  produced i n  s i t u  may d i f f e r  f r om t h a t  o f  an 

i nco rpo ra ted  r a d i o n u c l  ide. Furthermore, t h e  r a d i a t  ion- induced changes i n  t h e  

i r f a d i a t e d  samples ( though expected t o  be sma l l  ) have n o t  been determined. 

However, t h i s  approach i s  u s e f u l  f o r  measuring t h e  leach  r a t e s  f o r  du rab le  

waste' forms. Neutron a c t i v a t i o n  a n a l y s i s  has a l s o  been used by Idaho workers 
C 



t o  o b t a i n  e lementa l  l each  r a t e s  of z i r c o n i a  waste g l ass  i n  d i s t i l l e d  water  

(P lung  1979). I n  these  exper iments,  -10 mg g lass  samples and evaporated 

a l i q u o t s  of leach s o l u t i o n s  were i r r a d i a t e d  and then analyzed. 

4.8.2 Sur face  P r e p a r a t i o n  and Specimen C o n f i g u r a t i o n  

The geometry o f  t h e  specimen and t h e  su r f ace  c o n d i t i o n  a re  perhaps t h e  

l a r g e s t  source o f  v a r i a b i l i t y  i n  leach- ra te  measurements. Surface e f f ec t s  

i n c l u d e  r e s i d u a l  s t r e s s e s  and e lementa l  concen t ra t i ons  d i f f e r e n t  f rom those o f  

t h e  b u l k  o f  t h e  m a t e r i a l .  The f i r s t  da ta  p o i n t s  f rom a  leach t e s t  a re  some- 

t i m e s  d is regarded  t o  avo id  i n c l u d i n g  t h e  nonreproduc ib le  su r f ace  e f f e c t s .  

Ano ther  o p t i o n  i s  t o  r u n  t h e  t e s t  l ong  enough t o  make such e f f ec t s  

i n s i g n i f i c a n t .  

Specimen sur faces  may n o t  i n i t i a l l y  c o n t a i n  a  f u l l  complement o f  elements 

o r  phases when compared w i t h  t h e  b u l k  m a t e r i a l .  For  ins tance,  v o l a t i l i t y  

l osses  i n c u r r e d  by  h igh- temperature waste forms may d e p l e t e  t h e  sur faces  o f  

some species.  Canadian workers  have shown t h a t  unleached g lass  specimens t h a t  

had been p o l i s h e d  by me ta l l og raphy  were dep le ted  i n  sodium t o  a  depth of 60 nm 

( B r a d l e y  e t  a l .  1979). Sanders and Hench (1973) have shown t h a t  su r f ace  

roughness a l s o  can i n f l u e n c e  t h e  apparent d u r a b i l i t y .  They found t h a t  t h e  

amounts and t h e  r e l a t i v e  p r o p o r t i o n s  o f  elements leached f rom a  s imp le  

l i t h i u m - s i l i c a t e  g l a s s  depended on t h e  roughness o f  t h e  su r f ace  f l n l s h .  

Powdered specimens a r e  o f t e n  used t o  i nc rease  t h e  specimen su r face  area 

so t h a t  more i ons  a re  re l eased  t o  t h e  leachate.  Whi le  t h i s  makes chemical  

a n a l y s i s  eas ie r ,  i t  a l s o  compl i ca tes  i n t e r p r e t a t i o n  of r e s u l t s .  I n c r e a s i n g  

the,  su r f ace  area w h i l e  keeping t h e  s o l u t i o n  volume cons tan t  may produce changes 

i n  t h e  chemical  p r o p e r t i e s  o f  t h e  s o l u t i o n ,  thereby  i n f l u e n c i n g  t h e  l each ing  

mechanism. Unless t h e  powder i s  w e l l  d i spersed  o r  t h e  system i s  ag i t a ted ,  

mass t r a n s f e r  o f  leacha te  i o n s  can be h indered.  F i g u r e  4.17 compares leach  

d a t a  f o r  -42 + 60 mesh powder and m o n o l i t h i c  samples o f  t h e  same g lass  under 

nonagit ,ated c o n d i t i o n s  (Ross e t  a1 . 1978). The observed d i f f e r e n c e  o f  n e a r l y  

two o rde rs  o f  magnitude i s  p o s t u l a t e d  t o  r e s u l t  p a r t l y  f rom t h e  f a c t  t h a t ,  i-n 

t h e  l o o s e l y  packed powder, t h e  leached i ons  must d i f f u s e  th rough a  maze o f  

s tagnant  i n t e r s t i t i a l  f l u i d s  t o  reach t h e  b u l k  o f  t h e  s o l u t i o n .  Because o f  
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FIGURE- 4.17. Normalized Leach Rates Based on Cesium f rom Sol i d  
and Powdered Samples o f  PNL 76-68 Glass 

t h i s  e f f e c t ,  t he  powder appears t o  be much more durable than a  m o n o l i t h i c  

s o l i d  o f  t h e  same composi.tion. This  f a c t  should be considered when cracked o r  

composite waste forms w i t h  r e l a t i v e l y  l a r g e  sur face  areas are leached. .The . .  

su r face  e f f e c t i v e l y  a v a i l a b l e  f o r  leach ing  may be s i g n i f i c a n t l y  less  i n  area 

than the  ac tua l  phys i ca l  sur face area o f  e x t e n s i v e l y  cracked, composite, o r  

powdered waste forms. 

Two techniques are used t o  determine the  sur face  area o f  l each - tes t  speci -  

mens. The geometr ic method i nvo l ves  c a l c u l a t i o n s  us ing  phys i ca l  dimensions. 

A l t e r n a t i v e l y ,  t he  sur face  area can be determined by the  BET gas adsorp t ion  

method (Brunauer e t  a l .  1938). Since a  rough o r  porous waste form can have a  

much l a r g e r  BET than geometr ic sur face  area, us ing  the  BET value can make the  



waste f o rm  appear t o  be more du rab le  th,an j u s t i f i e d .  . .. Waste forms a re  commonly 

compared on t h e  b a s i s  o f  t h e i r  geometr ic  su r f ace  areas; however, BET su r face  

areas a re  s t i l l  use fu l ,  e s p e c i a l l y  i n  t h e  s tudy  o f  l each ing  mechanisms. 

4.8.3 Equipment 

Design and c o n s t r u c t i o n  o f  apparatus f o r  leach  t e s t i n g  r e q u i r e s  s e l e c t i o n  

o f  m a t e r i a l s  and i n s t r u m e n t a t i o n  t h a t  do n o t  a f f e c t  t h e  apparent d u r a b i l i t y  o f  

t h e  waste forms be ing  tes ted .  Leachant c o n t a i n e r s  must be made of m a t e r i a l s  

t h a t  do n o t  a l t e r  t h e  chem is t r y  of t h e  l each ing  system. P l a s t i c s  a re  most 

f r e q u e n t l y  used. The p r i m a r y  l i m i t a t i o n  o f  most p l a s t i c s  i s  i n  t h e i r  poor 

t o l e r a n c e  o f  h i gh  tempera tu re  and r a d i a t i o n .  O f  t h e  p l a s t i c s ,  Te f l on@ 

e x h i b i t s  good h igh- temperature t o l e r a n c e  and i s  a l s o  r e l a t i v e l y  i n e r t .  A l l  

p l a s t i c s  have some tendency t o  r e l ease  t r a c e  q u a n t i t i e s  o f  contaminants t o  t h e  

leachant  (Rober tson 1972). . . 

G lass c o n t a i n e r s  shou ld  g e n e r a l l y  be avoided s i n c e  g l ass  i t s e l f  is. leach- 

ab le .  Meta l  c o n t a i n e r s  a r e  used a t  h i g h  temperatures, and meta ls  a re  o f t e n  

used t o  suppor t  t h e  waste-form specimen w i t h i n  t h e  leachant  con ta ine r .  Unless 

p r o p e r l y  se lected,  t h e  me ta l  may r e a c t  w i t h  t h e  leachant,  e s p e c i a l l y  i f  s a l t s  

a re  p resen t .  A t  h i g h e r  temperatures, me ta l s  may a c t  as oxygen f u g a c i t y  buf -  

f e r s .  Fo r  example, N i - N i  ox i de  i s  o f t e n  used by geochemists t o  c o n t r o l  fugac- 

i t y  i n  hydrothermal  t e s t i n g .  Me ta l s  i n  t h e  leach ing  apparatus may a l s o  

undergo ga l van i c  r e a c t i o n  w i t h  m e t a l l i c  waste forms, such as cermets, and 

m u l t i b a r r i e r  waste forms. An Oak Ridge N a t i o n a l  Labora to ry  cermet, which was 

leached i n  de ion i zed  water,  e x h i b i t e d  some su r face  p i t t i n g  due t o  ga l van i c  

r e a c t i o n  between t h e  Ni-based waste f o rm  and a s t a i n l e s s - s t e e l  w i r e  used t o  

suspend t h e  sample i n  t h e  leachant  (Aaron e t  a l .  1979). 

As d iscussed i n  S e c t i o n  4.4, temperature p l a y s  an impor tan t  r o l e  i n  t h e  

d u r a b i l i t y  o f  a  waste form. Temperature c o n t r o l  i s  necessary i f  r e p r o d u c i b l e  

t e s t  r e s u l t s  are t o  be ob ta i ned  when l each ing  a waste form. A 2OC d i f f e r e n c e  

i n  temperature a t  about 25OC can cause a 12 t o  25% change i n  t h e  leach r a t e s .  

63 Reg i s te red  trademark o f  c.1. du Pont de   em ours & Co., Inc., 1007 ~ a r k e t  it., 
De l  aware, Mary1 and. 



4.8.4 S t a t i s t i c a l  Ana l ys i s  o f  Leach Test  Data 

-Table 4.13 shows t h e  p r e c i s i o n  ob ta ined  i n  some leach s tud ies .  The 

observed . v a r i a t i o n s  a re  a t t r i b u t a b l e  t o  va r i ous  f ac to r s ,  i n c l u d i n g  1 )  specimen 

p repara t ion ,  2 )  he te rogene i t y  of waste forms, 3 )  sampling procedures and 

a n a l y t i c a l  methods, and 4)  d e v i a t i o n s  f r om t h e  t e s t  procedure. 

The p r e c i s i o n  of leach t e s t s  can be improved through use o f  r i g o r o u s  

s tandard procedures. I n  develop ing s tandard procedures, exper iments must be 

conducted t o  i d e n t i f y  those parameters t h a t  can s i g n i f i c a n t l y  a f f e c t  t h e  

apparent d u r a b i l i t y  o f  a  waste form. These f a c t o r s  must then be s t r i n g e n t l y  

c o n t r o l l e d  i n  t h e  f i n a l  procedure (Mendel e t  a l .  1980). Standard specimens 

w i t h  c e r t i f i e d  leach r a t e s  can t hen  serve as a check t o  v e r i f y  t h a t  t h e  

procedure i s  be ing  fo l lowed.  

4.9 CHEMICAL DURABILITY OF ALTERNATIVE WASTE FORMS 

One meaningfu l  comparison o f  t h e  chemica l  d u r a b i l i t y  o f  waste forms i s  

based on t h e  "s teady-s tate"  r e l ease  < ra tes  t h a t  can be de f i ned  t o  occur under 
, 

s t a t e d  c o n d i t i o n s  (which w i  11 be r e p o s i t o r y - s i t e - s p e c i f  i c )  . These can be 

r e l a t e d  d i r e c t l y  t o  t h e  NRC's r e p o s i t o r y  r e l e a s e  c r i t e r i o n ,  which f o r  HLW i s  

p r e s e n t l y  proposed t o  be 1 0 - ~ / ~ r  o f  t h e  rad ionuc  1 i d e  i n v e n t o r y  p resen t  a f t e r  

1000 years.  The technology f o r  making q u a n t i t a t i v e  comparisons on a standard- 

i z e d  "s teady-s tate"  r e l ease  bas i s  i s  n o t  y e t  i n  p lace;  t o  p r o v i d e  s tandard iza-  

t i o n  of t h e  technology t h a t  can d e f i n e  r a d i o a c t i v e  re l ease  f rom waste forms on 

a q u a n t i t a t i v e  re l ease  i s  one of t h e  purposes of t h e  M a t e r i a l s  Charac te r i za -  

t i o n  Center. 

TABLE 4.13. T y p i c a l  Exper imenta l  P r e c i s i o n  Observed i n  
Leaching Tes ts  

Waste Form P r e c i s i o n  Reference 

Concrete <30%, n o t  s t a t i s t i c a l l y  Stone (1977) 
d i f f e r e n t  

Grout  Fac to r  o f  2 Moore e t  a l .  (1975) 

NBS GLASS 710 Fac to r  o f  5  t o  10 K e l l e y  and Wal lace (1976) 

F l y  ash *50 t o  75% Gul ledge and Webster (1979) 



A c t u a l l y ,  as can be i n f e r r e d  f rom F i g u r e  4.18, which i s  an e a r l y  a t tempt  

t o  compare waste fo rms u s i n g  nonstandard ized leach  data, a f t e r  1000 years  t h e  

d i f f e r e n c e s  i n  r e l e a s e  r a t e s  among waste forms p robab ly  becomes r e l a t i v e l y  

i n d i s t i n c t .  Th i s  i s  because t h e  a c t i n i d e s ,  which a re  t h e  predominant r ad io -  

n u c l i d e s  rema in ing  a f t e r  1000 years, t end  t o  have more o r  l e s s  t h e  same leach  

r a t e  f r om va r i ous  waste forms, p robab l y  because o f  s o l u b i l i t y  l i m i t a t i o n s .  

Furthermore, depending on t h e  assumptions made rega rd ing  su r f ace  area, a  leach  
2 r a t e  i n  t h e  range o f  lo-' t o  glcm -day corresponds t o  a  r e l e a s e  f r a c t i o n  - 

o f  1 0 - ~ l ~ r .  Thus, a l though f a r  more da ta  a re  needed on t h e  ac t i n i des ,  and on 

t h e  behav io r  o f  l o n g - 1  i v e d  nonact i n i d e  r a d i o n u c l  i des  suc? as "TC, many d i f -  

f e r e n t  waste forms can p robab l y  achieve t h e  proposed 10-3~r f r a c t i o n a l  r e l ease  

c r i t e r i o n  a f t e r  1000 years. 

The reason ing  o u t l i n e d  above has l e d  waste f o rm  developers t o  emphasize 

behav io r  d u r i n g  t h e  0  t o  1000 yea r  p e r i o d  i n  t h e  r e p o s i t o r y ,  when d i s t i n c t i o n s  

between waste forms a re  g r e a t e s t .  Du r i ng  t h i s  p e r i o d  t h e  waste fo rm i s  t h e  

innermost  component o f  t h e  waste package, f rom which t h e  NRC d r a f t  c r i t e r i o n  

r e q u i r e s  reasonable assurance t h a t  t h e r e  be no r e l e a s e  o f  r a d i o a c t i v i t y  f o r  

1000 years.  I n  t h e  event  t h a t  water  does p e n e t r a t e  th rough t h e  m u l t i p l e  

b a r r i e r s  o f  t h e  waste package d u r i n g  t h i s  p e r i o d  and con tac t  t h e  waste furrr~,  

t h e  f u n c t i o n  o f  t h e  waste f o rm  i s  t o  l i m i t  t h e  amount o f  d i s s o l v e d  waste mate- 

r i a l  t o  t h a t  which w i l l  n o t  "over load"  t h e  adso rp t i on  o r  r e t e n t l o n  c a p a c i t y  o f  

t h e  o t h e r  components o f  t h e  waste package i n  t l O O O  years.  It i s  n o t  y e t  

p o s s i b l e  t o  make waste package-speci f ic t e s t s ;  t h e  waste package systems a re  

s t i l l  under development, and w i l l  p robab l y  d i f f e r  f o r  d i f f e r e n t  r e p o s i t o r i e s .  

Thus t e s t i n g  o f  a l t e r n a t i v e  waste forms has tended t o  be on a  comparison bas is ,  

u s i n g  de ion i zed  wate r  o r  s imp le  gene r i c  leachant  f l u i d s ,  b u t  a t  temperatures 

r e p r e s e n t a t i v e  o f  0 t o  lOOU years.  

M o d i f i c a t i o n s  appear f e a s i b l e  i n  b o r o s i l i c a t e  waste g l a s s  composi t ions 

t h a t  y i e l d  an improvement o f  about a  f a c t o r  o f  t e n  over  most o f  t h e  b o r o s i l i -  

c a t e  waste g l ass  chemical  d u r a b i l i t y  da ta  c i t e d  i n  t h e  p rev ious  sec t i ons  
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(Ch ick  and Backwa l te r  1980) .  The m o d i f i c a t i o n s  i n v o l v e  l o w e r i n g  t h e  f i s s i o n -  

p roduc t  load ing ,  as i n  defense HLW glasses, o r  i n c r e a s i n g  t h e  s i l i c a  concentra- 

t i o n  and hence t h e  m e l t i n g  po ' in t .  (See F i g u r e  4.19 and .Table 4.14.) L. 

High  me1 t i n g  p o i n t s  ( > 1 2 0 0 ~ ~ )  a re  genera l  l y  cons idered  undes i rab le  f o r  

waste g lasses  because o f  t h e  inc reased  v o l a t . i l i t y  o f  r a d i o n u c l i d e s  d u r i n g  pro-  

cess ing  and t h e  decreased l i f e t i m e  of t h e  p rocess ing  equipment due t o  accel -  

e r a t e d  co r ros ion .  Therefore,  p rocess ing  techn iques  . . t h a t  u t i l i z e  r e a c t i v e  

m i x i n g  ( w i t h  a l k o x i d e s )  o r  poro,us h i g h - s i l i c a  ma t r i ces  a re  be ing  i n v e s t i g a t e d  

f o r  a p p l i c a t i o n  t o  Savannah R i v e r  HLW. These techniques produce h igh-mel t ing,  

more d u r a b l e  waste g lasses  a t  temperatures of 120ooc,  o r  below. Soxh le t  leach  

t e s t s  conducted a t  1 0 0 ~ ~  f o r  24 days t y p i c a l l y  showed re l ease  r a t e s  o f  7W9 
t o t a l  g/cm2-day f o r  a1 kox ide-der ived g lasses  of t h e  a p p r o x i ~ ~ ~ a t e  cur~pos i  t i u ~ l s  

0 
1 3  7 14 ' 

TIME, days 

DEIONIZED WATER 

FIGURE 4.19. Cumulat ive S i  1  i c o n  Released Versus Time a t  9 0 ' ~  
(adapted f rom Chick and Buckwal ter  1980) 



TABLE 4.14. Composit ions o f  Test G l  asses, mole%, Me1 t i n g  Temperatures, 
and 28-Day S i  1 i con  Releases ( f r om Chick and euckwal t e r  1980) 

Oxide 

Si02 

:?;a3 
N a20 
L i 20 
Cs20 
'(20 
C a0 
S r O  
NiO 
Mn02 

Tio6 p Fe2 3 
- u, 

V 3 0 3  Zn 
cuo 
Gd603 
Z r  2 
Moo3 

  in or (a )  
Components 

High- 
D u r a b i l i t y  
Base Glass 

'79-339 

Defense Waste G l  asses 
TDS+ TDS/211 RHO RHO 

79-339 Reference Purex Res. L iq .  -- 

63.2. 49.8 57.4 67 .O 
10.0 7.7 9.8 9.2 

3.9 2.1 3.5 4.2 
10.1 16.3 10.7 10.9 
- - 7.1 10.9 4.3 
0.2 0.2 -- 0.1 

-- -- -- - - 
1.2 6.0 1.0 - - 
0.3 0.3 0.4 - - 
1.7 1.6 - - - - 
3.1 2.9 0.9 -- - - - - - - 4.2 
6.3 6.0 5.4 - - - - - - - - 0'. 1 

- - - - - - - - 
- - - - - - - - 
- - -- -- - - 
- - - - - -- 
-- -- - - - - 

Commercial Waste Glasses . 

76-68 ( a)  77 -260 
Reference Reference 79-417 ' 79-418 -- 

Me1 t temperature, ( b )  OC ' 1350 1350 1050 1100 1200 1150 1150 1350 ,1350 

S i 1 i  con re leased (c )  0.5 0.7 8.8 1.1 0.6 14.0 N A 1.1 1.6 

R e s u l t i n g  pH ( d l  4.2 4.2 7.7 4.8 3.8 8.1 N A 4.7 6.1 

( a )  Minor conponents each l e s s  than 1 mole%. 
( b )  Temperature a t  which leach t e s t  samples were melted. 
( c )  S i l  i a n  re leased (norma1,ized g/m2) a f t e r  28 days, 900C i n  de ion ized water leachant  a t  SA/SV = 10 m-l.  
( d )  R e s u l t i n g  pH measured i n  leachate  a f t e r  28 days a t  900C a t  SA/SV = 10 m-l. I n i t i a l  p H  of de ion ized 

water  1 eachant was 5.7. , 



shown i n  Tab le  4.15 (Cornman 1981) .' I n  s t a t i c  t e s t s  performed a t  70°C f o r  

3 t o  6 days some of t h e  b e s t  porous h i g h - s i l i c a  g lasses (compos i t ion  n o t  
2 6 2 r e p o r t e d )  e x h i b i t e d  l e a c h r a t e s  o f  2 x lo-*  glcm -day versus 7, x 10 glcm - 

day f o r  a conven t i ona l  b o r o s i l i c a t e  waste g l a s s  (Cornman 1981). , 

4.9.2 H igh-F i red  C r y s t a l l i n e  M a t e r i a l s  

Examples o f  h i g h - f i r e d  c r y s t a l l i n e  m a t e r i a l s  under development c u r r e n t l y  

a r e  SYNROC and high-alumina ceramics. 

SYNROC i s  a c r y s t a l l S n e  assemblage I n  which t h e  waste i s  incorpur-ated .in 

s y n t h e t i c .  m inera ls ,  m a i n l y  t i t a n a t e s ,  and conso l  i d a t e d  'by some fo rm  o f  hot -  

p ress ing .  The chemica l  d u r a b i l i t y  o f  SYNROC i s  u s u a l l y  found t o  be somewhat 

b e t t e r  t han  b o r o s i l i c a t e  g l a s s  (<  f a c t o r  o f  10) i n  shor t - te rm leach  t e s t s  a t  

25 t o  50°c. A t  h i g h e r  temperatures t h e  d i f f e r e n c e  i n  leach  r a t e  becomes more 

marked (see  F i g u r e  4.20). When t e s t s  a r e  extended i n  t ime, t h e  d i f f e r e n c e s  

a l s o  become l a r g e r ,  t h a t  i s ,  t h e  leach  r a t e  o f  SYNROC decreases w i t h  t ime  more 

r l . p i d l y  t h a n  does t h e  leach  r a t e  o f  b o r o s i  1 i c a t e  g l ass  (see ~ i ~ u r e ' 4 . 2 1 ) .  

The high-alumina ceramics t ake  advantage o f  t h e  f a c t  t h a t  aluminum i s  

a l r e a d y  a ma jo r  c o n s t i t u e n t  o f  Savannah R i v e r  HLW; thus  h i g h  waste load ings  

a r e  p o s s i b l e  i n  t h e  f i n a l  p roduc t .  I t  i s  a dense ceramic, c o n t a i n i n g  a 

TABLE 4.15. Composit ion o f  A lkux ide-Der ived Glasses (adapted 
f r om Cornman 1981), w t %  

Low-Alumina Medium-Alumina 
Cnnst i t ~ ~ e n t  Formu 1 a t  i o n  Formulation 

S i OZ 46.8 39.8 
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FIGURE 4.20. E f f e c t  o f  Temperature on I n i t i a l  Leach Rate o f  SYNROC 
and B o r o s i l i c a t e  Glass (PNL 73-1) Conta in ing  10 w t %  
S imulated Radwaste (adapted f r om Reeve e t  a l .  1981). 
Leachant: de ion i zed  water;  l cach ing  t ime:  1 day; 
leachant  volume/sample su r f ace  area = 0.1 m. 

m i x t u r e  o f  c r y s t a l l i n e  phases, p resen t  w i t h  a smal l  ( < 1  pm), u n i f o r m  g r a i n  

s ize ,  c o n t a i n i n g  no cont inuous i n t e r g r a n u l a r  amorphous phases t h a t  i s  formed 

by h o t  i s o s t a t i c  p rocess ing  a t  -50,000 p s i  below 1 2 0 0 ' ~ .  Harker e t  a l .  (1980) 

r e p o r t e d  t h a t  leach  r a t e s  based on sodium and cesium behav io r  were about 1 x 
2 2 glcm -day f o r  t h e  high-alumina ceramics versus t o  glcm -day 

for .76-68 and SRL b o r o s i l i c a t e  g lass .  The comparison was based on s t a t i c  

t e s t s  i n  D I  water  performed a t  90°C. 
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FIGURE 4.21. Cumulat ive Q u a n t i t i e s  o f  Cesium and S t ron t i um Leached f rom 
SYNROC and B o r o s i l i c a t e  Glasses (adapted f rom Reeve e t  a l .  
1981). Leachant: de ion i zed  water  rep1 aced d a i  ly; tempera- 
ture: 10o0C; f o r  d i s c s :  leachant  volumelarea = 0.1 m; f o r  
100-150 iiiesk powders: l eachant  volume/geometr ic su r face  
area = 0.0017 rn. 
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5.0 VAPORIZATION 

W .  J. Gray 

Vaporization data on nuclear waste forms are  required f o r  determining the  

r i sk  from such unlikely events as shipping or storage accidents involving f i r e .  

In ce r ta in  unlikely scenarios, loss of coolant during storage can also r e su l t  

in temperatures high enough f o r  vaporization to  occur (ARH-2799). 

Because r i s k s  from vaporization are perceived t o  be r e l a t i v e l y  small even 

when compared with the very small r i sk s  associ ated with leaching, vaporization 

has received l i t t l e  a t t en t ion .  Very few vaporization s tud ies  have been done 

on e i t h e r  actual or simulated radioactive waste (Wilding and Rhodes 1966; 

A1 brethson and Schwend iman 1967; Walmsley , Samnons, and Grover 1969; Lynch e t  

a l .  1975; Kupfer and Schulz 1977; Wilds 1978a; and Gray 1980), and a few other  

s tudies  supporting rad ioacti  ve waste programs have been performed using re la -  
t i ve ly  simple glasses or ceramics (Mukherji 1971, Terai and Kosaka 1976, and 

Nikiforov e t  a l .  1979). The methods used t o  generate t h e  data in these  s tud ies  
were simple weight-loss techniques s imilar  to  t ransp i ra t ion  experiments except 

t ha t  nonequili brium conditions generally prevailed.  Losses of s p e c i f i c  con- 

s t i t u e n t s  were determined by chemical analyses of the  vapors or  by analyses of 

t he  samples before and a f t e r  vaporization. The l a t t e r  approach makes i t  d i f f i -  

c u l t  or impossible to  detect  minor losses.  In those s tudies  where the  vapors 

were analyzed, i t  was not always c l e a r  t ha t  a l l  vapors were successful ly  col-  
lected and analyzed. As a resu l t  of these d i f f i c u l t i e s ,  accurate quan t i t a t ive  

comparisons of data between d i f f e r en t  laborator ies  a r e  almost impossible. How- 

ever, t e s t  r e su l t s  from d i f f e r en t  waste forms within a given laboratory can be 

compared, and cer ta in  qua l i t a t ive  s i m i l a r i t i e s  between r e s u l t s  from t h e  

d i f f e r en t  1 aboratori es are  apparent. 

Data obtained by Gray (1980, 1976) were chosen f o r  presentation in t h i s  

chapter because they represent the only known work on simulated waste forms 

where a l l  t h e  vapor components, both f i s s i on  products and o ther  elements, were 

analyzed. His work a l so  involved several d i f f e r en t  simulated waste forms, ' 

which permits comparisons between them. The reader i s  cautioned, however, 

t ha t  vapor compositions were estimated from only a p a r t i a l  col lect ion of . 



t h e  vapors (us ing  a  " c o l d  f i n g e r " )  and t h a t  ve ry  recent  work by Gray shows 

t h i s  i n t roduces  some e r r o r s  (e.g., cesium losses appear t o  be overest imated by  
- 

a  f a c t o r  o f  about two.) 

5.1 WASTE COMPOSITIONS 

Composit ions o f  t h e  m a t e r i a l s  a re  l i s t e d  i n  Tables 5.1 and 5.2. Nonradio- 

a c t i v e  isotopes were used throughout,  and r a r e  ear ths  were s u b s t i t u t e d  f o r  

a c t i n i d e s  i n  a l l  cases t o  f a c i l i t a t e  handl ing.  The f i r s t  four  m a t e r i a l s  

l i s t e d  i n  Table 5.1 are glasses; t h e  l a s t  two are so-ca l led  supercalc ines t h a t  

c o n t a i n  chemi ca Is added t o  produce appropr ia te  c r y s t a l  l i n e  phases t o  t i e  up 

t h e  most hazardous f i s s i o n  produc ts  (McCarthy 1977). 

5.2 VAPORIZATION DATA 

Vapor i za t i on  depends s t r o n g l y  on t ime, temperature, and composit ion. It 

a1 so depends on t h e  atmosphere, bu t  s tud ies  o f  waste forms have employed an 

a i r  atmosphere as t h e  expected cond i t i on .  Some s tud ies  have va r i ed  t h e  a i r ' s  

mo is tu re  content .  Vapo r i za t i on  a l s o  depends somewhat on the  v i sc0s i t . y  o f  g lass  

mel ts . '  Each o f  these parameters i s  discussed separa te ly ,  a l though the re  must 

n e c e s s a r i l y  be some over lap;  and the re  i s  a l s o  a  separate d iscuss ion  on compo- 

s i t i o n  o f  t h e  vapor ized m a t e r i a l .  

5.2.1 Time Dependence 

Resu l t s  shown i n  F igu re  5.1 t y p i f y  a l l  t h e  g lasses s tud ied  i n  t h a t  t h e  

weight  losses are  rough l y  p r o p o r t i o n a l  t o  tn where t i s  t ime and n  v a r i e s  

between 1/2 a t  h i g h  temperature and 1 a t  lower temperatures. S i m i l a r  behav io r  

was a l so  found b y  T e r a i  and Kosaka (1976) f o r  some o f  t h e  glasses they  s tudied.  

Dependence on tl" i s  u s u a l l y  taken t o  imp ly  t h a t  t h e  vapo r i za t i on  r a t e  i s  

l i m i t e d  by  the  r a t e  o f  d i f f u s i o n  o f  t he  vapo r i z i nq  elements t o  a  dep le ted  

su r face  reg ion .  L i n e a r  t ime dependence i s  taken t o  imp ly  t h a t  a  sur face  

r e a c t i o n  i s  the  r a t e - l i m i t i n g  step. However, d i f f e r e n t  r a t e - l i m i t i n g  mech- 

anisms a t  t h e  d i f f e r e n t  temperatures a re  i n c o n s i s t e n t  w i t h  t h e  l i n e a r  

Ar rhen ius  p l o t s  descr ibed i n  the  f o l l o w i n g  sec t ion .  Thus, t h e  ques t ion  o f  

whether o r  n o t  t h e r e  a re  d i f f e r e n t  r a t e - l i m i t i n g  mechanisms a t  t h e . d i f f e r e n t  

temperatures remains unresol  ved. 



TABLE 5.1. Waste Form Compos i t  ions 

Nomi nal Concentration, wt% 

Const i tuent 77 -260 (~ )  76-68'" - 72-68 - 76-183 SPC-2 SPC-4 

B2°3 ' 
N a20 

M go 

*'z03 
Si02 

P2°5 

z0 
C a0 

T i  O2 

Cr203 
Mn02 

Fe203 

C0203 
N i O  

C uo 

Z no 

Rb20 

S r O  

Tota l  99.75 100.00 100.00 100.02 100.00 100.00 

( a )  No chemical analyses of vapor composit ion were made fo r  these wastes. 
( b )  See Table 5.2 f o r  rare-earth, composition o f  the supercalcines. 



TABLE 5.2. Rare -Ear th  Composi t ion o f  Superca lc ines  

Nomi na l  Concen t ra t i on  
o f  Oxide, w t %  

Element .- SPC-2 SPC-4 

Gd 0.7 16.6 

Others  0.2 0.2 

T o t  a'l 35.2 37.1 

FIGURE 5 . i .  Weight L0s.s o f  72-68 Glass i n  Dry A i r  



Time dependence of the vaporization for  the non-gl ass materials was 

generally intermediate between t and tl/' (Gray 1980). 

5.2.2 Temperature Dependence 

Each of the glasses and supercalcines studied a t  PNL vaporizes with a 

s i  ngle acti vation energy over the enti re temperature range studi ed, as shown 

by the l inear Arrhenius plots in Figure 5.2. Weight losses were reproducible 
2 only to about '1 to  2 g/m ; therefore, the low-temperature pofnts are within 

experimental error  of the l ines drawn. The reasons for  the anomalously low 

points fo r  SPC-4 above 1200°C and for  72-68 gl'ass a t  .1250°C are not relevant 

here and have been discussed previously (Gray 1980). 

All the glasses vaporize with about the same temperature dependence, and 

a heat of vaporization of about 250 kJ/mol can be calculated from the slopes 

of the l ines in Figure 5.2. Furthermore, the individual elements vaporize 

from the glasses with about the same temperature dependence; t,ypical data are 

shown in Figure 5.3. This means tha t  the composition of the vapor i s  n e a r l , ~  

independent of temperature; only the vaporization ra te  changes. 

The.individua1 elements also v a ~ o r i z e  from the supercalcine with temper- 

ature dependences that are about equal, as shown by Figure 5.4. The d i f f e r -  

ent slopes fo r  the two different  supercalcines are discussed in Section 5.2.4. 

I t  i s  tempting to extrapolate the data in Figure 5.2 to lower tempera- - 
tures to  estimate long-term vaporization losses where such losses are too 

small t o  measure conveniently. Actual measurements by other workers, however, 
suggest t h i s  extrapolation may underestimate actual losses by a 1 arge margin. 
Walmsley, Sammons, and Grover (1969) report& cesium losses of a few hundredths 

of a percent a f t e r  a few hundred hours a t  400 to  500°C. Ni kiforov e t  a1 . 
(1979) found a cesium loss of 1.5 x lo-* g/cm2 day a t  400°C from boro- 

s i l i c a t e  glass containing 2 w t %  Cs 0. These values can be compared with 
7 7 to ta l  weight 1usrt.s o f  lo-'' to 10- % (lo-'* t o  lo-' g/cm-) in 4 hr when the 

8 glass data in Figure 5.2 are extrapolated t o  400 to  500°C. These differences 

between extrapolated and measured losses are several orders of magnitude, which 

are larger than one would expect even though the glasses in these separate 

studies are quite different .  
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FIGURE 5.3. Loss o f  Elements f r o m  72-68 Gl ; lss,Af ter  4 h r  i n  Dry Ai l -  
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FIGURE 5.4 .  Loss of Elements f r o m  Supercalcine After 4 hr i n  Dry Ptir 



5.2.3 Cor re la t i on  w i t h  V i s c o s i t v  
. . 

A reasonably good c o r r e l a t i o n  between v o l a t i l i t y  and v i s c o s i t y  f o r  glasses 

s tud ied at  PNL i s  shown by the data i n  Table 5.3 and F igure  5.5. Less v iscous 

glasses tend t o  vapor ize a t  h ighe r  ra tes .  Data i n  F igure  5.5 are from a 

generic study t h a t  i s  described i n  more d e t a i l  i n  Sect ion 5.2.4. Other fac -  

t o r s  besides v i s c o s i t y ,  such as concent ra t ion  o f  t h e  vapor iz ing  species i n  

t h e  glass, a f f e c t  vapor iza t ion ,  so t h e  c o r r e l a t i o n  i s  no t  pe r fec t .  However, 

i t  i s  good enough t o  suggest t h a t  t h e  r a t e - l i m i t i n g  vapor i za t i on  mechanism 
f 

might  be a gross mechanical process, such as f l u i d  f l o w  r e s u l t i n g  f rom con- 

vec t i on  cur rents .  

5.2.4 Composition Dependence 

The f i v e  glasses f o r  which data are presented i n  F igure  5.2 are q u i t e  

s i m i l a r  i n  composition. They can a1 1 be character ized as boros i  l i c a t e  glasses 

w i t h  composit ion d i f f e rences  i n v o l v i n g  o n l y  r e l a t i v e l y  minor changes i n  t h e  

concent ra t ion  o f  Na20, A1203, Si02, Fe203, ZnO, and RE203. Not s u r p r i s i n g l y ,  

t h e i r  vapor i za t i on  behaviors are s i m i l a r .  Even t h e  two supercalcines, which 

are markedly d i f f e r e n t  i n  composit ion and are ceramics r a t h e r  than glasses, 

have weight losses not  much d i f f e r e n t  from the glasses. The d i f f e r e n t  slopes, 

however, f o r  t h e  two supercalcines are  su rp r i s ing .  Besides d i f f e r e n c e s  i n  t h e -  

TABLE 5.3. . V o l a t i l i t y  and V i s c o s i t y  a t  1323 K 

Vol a t i  1  i t y ( a )  v i s c o s i t y ( b )  
Mater i  a1 g/m2 Pa s 

(a )  Taken f rom F igure  5.2. 
(b )  Data presented by G .  0. M e l l i n g e r  

e t  a l .  a t  t h e  American Ceramic Soc ie ty  
meeting, D e t r o i t ,  M i  c h i  gan (1978), 
PNL-SA-6673. 
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FIGURE 5.5. Viscosity (at 1 2 5 0 ~ ~ )  versus'. Volatility ( a t  1 3 0 0 ~ ~ )  
in Generic-Study Glasses  



compos i t ion  of t h e  ra re -ea r th  ox ides  between SPC-2 and SPC-4, ' on l y  t h e  amounts 

o f  Si02, CaO, and S r O  d i f f e r ,  and even t h e s e  d i f f e r e n c e s  a r e  o n l y  s l i g h t .  

~ e v e r t h e l  ess, these  compos i t ion  d i f f e r e n c e s  a re  enough t o  cause d i f f e r e n c e s  i n  
' 

t h e  r e l a t i v e  amounts o f  two of t h e  e i g h t  major  c r y s t a l l i n e  phases p resen t  i n  

t n e  superca lc in6s  (McCarthy e t  a l .  1979; McElroy 1979). E f f o r t s  t o  c o r r e l a t e  

v a p o r i z a t i o n  behav io r  wi.th t h e  d i f f e r e n c e s  i n  t h e  c r y s t a l l i n e  have n o t  

been p a r t i c u l a r l y  success fu l  (Gray 1980). 

A separate gene r i c  s tudy  designea s p e c i f i c a l l y  t o  examine t h e  e f f e c t s  o f  

compos i t ion  on p r o p e r t i e s  o f  an 11-component, g l a s s  system has been conducted 

a t  PNL (Chick e t  a l .  1980). F i f t y - s i x  , t e s t  composi t ions were chosen f o r  s t udy  

' f r om t h e  t e s t  m a t r i x  l i s t e d  i n  Tab le  5 . 4 .  F i f t y - f i v e  o f , t h e  t e s t  composi t ions 

. were se lec ted  f r om t h e  corners  (ext reme v e r t i c e s )  o f  t h e  t e s t  m a t r i x ,  and one 

. . 
TABLE 5.4. Generic Study Tes t  M a t r i x  

Study Values, mole% 
Oxide Low C e n t r o i d  High - 

Formers 

. . SiOE, ' 41  49.7 - 6 0  

'2('3 5.05 , 
9.1 15 

. . 

. o .  ' A1203 , 7.2 16 

M o d i f i e r s  

Na20 9 12.7 17 

MgO 0 -3 .9 9  
C a0 0 .  6.7 14 

I n te rmed ia tes  

ZnO 0 3.0 6.5 

TiOp 0 3.4 8 

Cr2U3 , ' 

0 1.4 . 3.5 

FeZDq 
0 1 .!i 3.5 

N i O  0  1.4 3.5 a 

54 'mole% - < sum o f  fo rmers  - < 80 mole% 

13 mole% - < sum o f  m o d i f i e r s  - < 35 mole% 



t e s t  compos i t ion  was t h a t  o f  t h e  c e n t r o i a  composi t ion.  P rope r t y  da ta  were f i t  

w i t h  a  p a r t i a l  q u a d r a t i c  approx imat ion  model t h a t  was used t o  p r e d i c t  proper-  

t i e s  f o r  o t n e r  g lasses  w i t h  compos i t ions  w i t h i n  t h e  f i e l d  shown i n  Tab le  5.4. 

The p r e d i c t e d  effects o f  compos i t ion  changes on v a p o r i z a t i o n  a r e  i l l u s t r a t e d  

i n  F i g u r e  5.6. A we igh t  l o s s  o f  about 40 mg i s  p l o t t e d  f o r  t h e  c e n t r o i d  

compos i t ion  where t h e  l i n e s  i n t e r s e c t .  Each l i n e  shows t h e  p r e d i c t e d  change 

i n  v a p o r i z a t i o n  as t h e  c o n c e n t r a t i o n  of t h e  corresponding component i s  changed 

f r o m  i , t s  c e n t r o i d  c o n c e n t r a t i o n .  Standard p r e d i c t i o n  d e v i a t i o n s  were computed 

f o r  each mole-percent change i n  component concen t ra t i on ,  and t h e  l a r g e s t  and 

s m a l l e s t  o f  these  a r e  shown on t h e  p l o t  as ba rs  r e p r e s e n t i n g  *l s t a r ~ d a r d  

d e v i a t i o n .  Changes o r  d i f f e r e n c e s  on t h e  p l o t  sma l l e r  than  *2 o r  3 s tandard  

p r e d i c t i o n  d e v i a t i o n s  a r e  cons idered  5nsSgn l f i can t .  

inn. I 

$ M I N I M U M  STANDARD DEVIATION 
AT -4, -5 M '70 SiOZ 

M A X I M U M  STANDARD DEVI AT1 ON 
AT + 6 M "I. B203 

CHANGE I N  COMPONENT FROM CENTROI D COMPOSITION, MOLE 70 

FIGURE 5.6. E f f e c t s  o f  Components,on Vapo r i za t i on  A f t e r  3 h r  a t  1 3 0 0 ' ~  



The p r e d i c t e d  r e s u l t s . i n  F i g u r e  5.6 show t h a t  i nc reas ing  t h e  Na20 o r  

B203 concen t ra t i ons  f rom t n e  c e n t r o i d  composi t ion increases v a p o r i z a t i o n  

and, converse ly ,  decreas ing t h e i r  concen t ra t i ons  decreases vapo r i za t i on .  T h i s  

i s  t o  be expected s ince,  as d iscussed i n  Sec t i on  5.2.6, sodium and boron a r e  

t h e  o n l y  elements t h a t  vapo r i ze  i n  measurable quan t i t i es . ,  Thus, i n c r e a s i n g  

t h e i r  concen t ra t i ons  shou ld  acce le ra te  vapo r i za t i on .  Understanding t h e  e f f e c t s  

o f  t h e  o t h e r  components i s  r e l a t e d  t o  t h e  c o r r e l a t i o n  between v i s c o s i t y  and 

v a p o r i z a t i o n  i l l u s t r a t e d  i n  F i g u r e  5.5 and d iscussed i n  t h e  p reced ing  sec t ion .  

Any component t h a t  reduces v i s c o s i t y  when added t o  t h e  g l a s s  would be expected 

t o  speed vapo r i za t i on .  Cr203, Fe203, and A1203 were found t o  i nc rease  

v i s c o s i t y  t h e  most s t r o n g l y . a n d  t h e r e f o r e  would be expected t o  decrease vapor i -  

za t i on .  S i02  inc reases  v i s c o s i t y  o n l y  s l i g h t l y ,  and F i g u r e  5.6 shows i t  has 

l i t t l e  e f f ec t  on vapo r i za t i on .  Adding Na20 t o  t h e  g l a s s  decreases v i s c o s i t y ;  

t he re fo re ,  i n c r e a s i n g  Na20 c o n c e n t r a t i o n  would be expected t o  i nc rease  vapor- 

i z a t i o n  b o t h  because o f  i t s  e f f e c t  on v i s c o s i t y  and because i t  i s  a  component 

.- o f . t h e  vapor. CaO s l i g h t l y  decreases v i s c o s i t y  and s l i g h t l y  inc reases  v a p o r i -  

za t i on .  A l l  o t h e r  components have l i t t l e  o r  no e f f e c t  on v a p o r i z a t i o n .  

5.2.5 E f f e c t  o f  Mo i s tu re  on Vapo r i za t i on  Rate 

A m o i s t  atmosphere u s u a l l y ,  b u t  n o t  always, Speeds t h e  v a p o r i z a t i o n  of 

glasses. The v a p o r i z a t i o n  pf s imp le  s i l  ica-based g lasses c o n t a i n i n g  Na20 i s  

r e p o r t e d  t o  be inc reasea  b y  t h i s  r e a c t i o n  (Sanders and H a l l e r  1977):  

F i g u r e  5.7 shows t h e  e f f e c t  of mo i s tu re  on t h e  o n l y  g l a s s  vapo r i zed  i n  a  m o i s t  

atmosphere a t  PNL. The mechanism o f .  i nc reased  v a p o r i z a t i o n  h e r e  p robab l y  

i nc l udes  t h e  r e a c t i o n  ( T e r a i  and Kosaka 1976) 



WATER CONTENT OF A l R, WT% 

FIGURE 5.7. E f f e c t  o f  ~ l o i s t u r e  on Weight  L O S S  f r om  72-68 Glass i n  4 h r  



s ince  t n e  v a p o r i z a t i o n  o f  boron (and molybdenum) inc reased  s u b s t a n t i a l l y .  

Reac t ion  1 probab ly  i s  n o t  o p e r a t i v e  f o r  t h i s  g l a s s  because t h e  v a p o r i z a t i o n  

o f  t h e  a l k a l i  elements was e i t h e r  decreased b y  t h e  mo i s tu re  o r  was u n a f f e c t e d  

(Gray 1980). 

As w i t h  o t h e r  aspects o f  vapor izat i .on,  seemingly modest compos i t ion  d i f -  

ferences r e s u l t  i n  marked d i f f e r e n c e s  i n  t h e  e f f e c t  o f  a  m o i s t  atmosphere. 

For  example, kalmsley, Sammons, and Grover (1969) used a i r  w i t h  up t o  15 w t %  

mo i s tu re  and found a f a c t o r  o f  t h r e e  i nc rease  i n  v a p o r i z a t i o n  o f  a  phosphate, 

g l a s s  b u t  no e f f e c t  on a b o r o s i l  i c a t e  g l a s s  when bo th  were vapo r i zed  a t  1 2 0 0 ~ ~ .  

The compos i t ion  o f  Walmsley's b o r o s i l i c a t e  g lass,  a  s imu la ted  waste g lass,  was 

s i m i l a r  t o  t h e  72-68 g l a s s  s t u d i e d  a t  PNL except  t h a t  i t  con ta ined  no z i nc ;  

72-68 g lass  con ta ined  21.6 w t %  ZnO. 

5.2.6 Composit ion o f  Vapor ized M a t e r i a l  

1n . te rms o f  r a d i o a c t i v i t y  re leased ,  cesium i s  t h e  most v o l a t i l e  element. 

On a f r a c t i o n a l  r e l e a s e  b a s i s  f rom t h e  glasses, however, t e l l u r i u m  i s  about  

e q u a l l y  v o l a t i l e  ( F i g u r e  5.3). Molybdenum's v a p o r i z a t i o n  i s  about equal  t o  

t h a t  o f  cesium i n  t h e  superca lc ines ,  w h i l e  sodium's i s  h i g h e r  than  e i t h e r  

( F i g u r e  5.4). 

Cesium appa ren t l y  vapor izes  f r om b o r o s i l i c a t e  g lasses as meta l  o r  ox ide,  

whereas t h e  l i g h t e r  a l k a l i  elements t e n d  t o  v a p o r i z e  as a bora te .  The ma jo r  

evidence f o r  t h i s  i s .  t h e  da ta  of Wilds (1978a), who used a Knudsen c e l l  and a 

mass spectrometer t o  s tudy  v a p o r i z i n g  spec ies  f r om a b o r o s i l i c a t e  g lass .  He 

r e p o r t e d  NaB02 and sma l l  amounts o f  L iBO2, (L i ,Na)  B02, Na2B02, and B203 b u t  

o n l y  e lementa l  cesium, no cesium bora tes .  T e r a i  and Kosaka r e p o r t e d  t h a t  

potass ium can vapo r i ze  as e i t h e r  K20 B203 o r  2K20 B203 (1976).  I n  t h e  PNL 

gener ic  s tudy  ment ioned e a r l i e r ,  ' t h e  Na/B r . a t i o  i n  t h e  vapor was always u n i t y ,  

even though t h e  amount o f B 2 0 3  i n .  t n e  g l a s s  ranged f r om 6 t o  12 mole% and 

t h e  amount o f  NapO v a r i e d  f r om i l ' t o  16 mole% (Chick e t  a l .  1980). I n  

r e s u l t s  ob ta ined  on simul.at.ed wastes a t  PNL, t h e  mo la r  r a t i o  (Na+K)/B i n  t h e  

vapor was about u n i t y  i n  one case, and i n  another  case t h e  r a t i o  (Na+K+Rb+ 
. . 

Cs)/B was approx imate ly  u n i t y .  Bu t  i n  o t h e r  cases, no s imp le  c o r r e l a t i o n  

between t h e  amount o f  boron and a l k a . l i s  i n  th .e 'vapor  was apparent. : 
. , .  t .  



The supe rca l c i nes  e x h i b i t  a  lower  cesium v a p o r i z a t i o n  t h a n  t h e  g lasses 

because chemicals have been added t o  t h e  superca lc ines  t o  produce p o l l  u c i  te ,  

which i s  a  s t a b l e  ces ium-con ta in ing  compound. I n  o n l y  one case was an a t tempt  

made t o  reduce v a p o r i z a t i o n  of cesium by  a1 t e r i n q  a  g l a s s  composi t ion.  V a r i -  

ous amounts o f  T i 0 2  were added t o  76-183 g lass  because o f  r e p o r t s  t h a t  i n d i -  

c a t e d  T i 0 2  a d d i t i o n s  decrease t h e  v a p o r i z a t i o n  o f  cesium, a t  l e a s t  d u r i n g  

t h e  i n i t i a l  g l a s s - m e l t i n g  process (W i l ds  1978a and 1978b; Rudolph e t  a l .  1972; 

K e l l e y  1975). Resu l ts ,  however, f o r  t h e  a l r e a d y - f a b r i c a t e d  g lass  i n  F i g u r e  5.8 

show t h a t  a d d i t i o n s  o f  T i 0 2  a c t u a l l y  inc reased  t h e  v a p o r i z a t i o n  o f  cesium. 

I t i s  n o t  known whether t h i s  d isc repancy  w i t h  t h e  e a r l i e r  r e p o r t s  r e s u l t s  f r om 

t h e  d i f f e r e n t  g l a s s  compos i t ions  o r  if i t  r e f l e c t s  a  d i f f e r e n c e  between t h e  

i n i t i a l  and subsequent me l t s .  

L I I 1 
0 6 12 

T i 0 2  CONCENTRATION, WT % 

r I G U R E  5.0. Ef fec t  of T i 02  Concentrat , ion or1 Luss o f  Elements from 
76-183 Glass A f t e r  4 h r  i n  D ry  A i r  a t  1373 K 
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--- 6.0 RADIATION EFFECTS 
W. J. Weber and F. P. Roberts 

2 '  

Radia t ion  e f f e c t s  on the  s t a b i l i t y  o f  h igh - leve l  nuc lear  waste (HLW) forms 

are an important cons ide ra t i on  i n  t he  development o f  technology t o  immobi l ize 

h igh - leve l  r a d i o a c t i v e  waste because such e f f e c t s  may s i g n i f i c a n t l y  a f f e c t  t he  

containment o f  t he  r a d i o a c t i v e  waste. Since the  requ i red  containment t imes 
3 6  are long (10 t o  10 years),  an understanding o f  the  long-term cumulat ive 

e f f e c t s  o f  r a d i a t i o n  damage on the  waste forms i s  e s s e n t i a l .  Rad ia t ion  damage 

o f  nuclear  waste forms can r e s u l t  i n  changes i n  volume, leach ra te ,  s to red  

energy, structure/microstructure, and mechanical p rope r t i es .  Any one o r  

combination o f  these changes might  s i g n i f i c a n t l y  a f f e c t  t he  long-term 

s tab i  1  i t y  o f  t h e  nuclear  waste f orms. This  r e p o r t  d'ef i nes the  general 

r a d i a t i o n  damage problem i n  nuc lear  waste forms, descr ibes t h e  s imu la t i on  

techniques c u r r e n t l y  a v a i l a b l e  f o r  accelerated t e s t i n g  o f  nuc lear  waste forms, 

and reviews the  a v a i l a b l e  data on r a d i a t i o n  e f f e c t s  i n  both g lass and ceramic 

( p r i m a r i l y  c r y s t a l  l i n e )  waste forms. 

6.1 BACKGROUND ON RADIATION EFFECTS 

This sec t ion  discusses t h e  sources o f  r a d i a t i o n  e f f e c t s  i n  h igh - leve l  

nuclear  wastes and the  var ious  s ta te -o f - t he -a r t  s imu la t i on  techniques cur -  

r e n t l y  a v a i l a b l e  f o r  accelerated . t e s t  i n g  o f  the  d i f f e r e n t  waste forms. 

6.1.1 Sources o f  Rad ia t ion  E f fec ts  i n  Nuclear Waste Forms 

The c h i e f  sources o f  r a d i a t i o n  i n  t h e  h igh - leve l  nuc lear  waste forms are 

beta decay o f  t he  f i s s i o n  products ( p r i m a r i l y  cesium and s t ron t ium)  and alpha 

decay o f  the  a c t i n i d e  elements (uranium, neptunium, plutonium, americium, and 

curium). Spontaneous f i s s i o n  o f  some of t he  a c t i n i d e  isotopes and alpha- 

neutron reac t i ons  are sources o f  f i s s i o n  fragments and neutrons, bu t  these 

r a d i a t i o n  sources can g e n e r a l l y  be ignored because o f  t h e i r  low product ion  

ra tes .  p ro jec ted  numbers o f  beta, alpha, and neutron events per  m e t r i c  ton  o f  

heavy metal f o r  a  comnercial h igh - leve l  waste are shown i n  F igu re  6.1 f o r  
6 storage t imes up t o  10 years (Roberts, Turco t te ,  and Weber 1981). I n  
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FIGURE 6.1. Cumulat ive Doses f o r  a Cornnercial High-Level Waste 
(Roberts,  Turcot te,  and Weber 1981) 

general,  be ta  decay of t he  f i s s i o n  products predominates dur ing  the  f i r s t  

500 years w i t h  h i g h  r a d i o a c t i v i t i e s  and h igh  waste-form heat generat ion, w h i l e  

alpha decay predominates a t  longer  t imes w i t h  a much lower heat generat ion 

ra te .  

~ a d i a t i o n  damage i n  the  waste forms i s  p r i m a r i l y  produced by l j  t he  d i s -  

p l  acement o f  waste-form c o n s t i t u e n t  atoms f rom t h e i r  normal s i t e s  by e l a s t i c  

c o l l i s i o n s  o f  t h e  nuc lear  p r o j e c t i l e s  w i t h  t h e  atoms, 2 j  i o n i z a t i o n  e f f e c t s ,  

and 3 )  t h e  t ransmuta t ion  o f  r a d i o a c t i v e  parent  n u c l e i  i n t o  d i f f e r e n t  elements. 

These e f f e c t s  are discussed i n  the f o l l o w i n g  two sec t i ons  as r e l a t e d  t o  t h e  

r a d i a t i o n  sources ( i .e., b e t a  decay and alpha decay). 



6.1.1.1 E f f e c t s  o f  Beta Decay 

Beta decay produces high-energy beta p a r t i c l e s  and gamma r a d i a t i o n  t h a t  

i n t e r a c t  w i t h  t he  e n t i r e  waste form s o l i d  p r i m a r i l y  by . i o n i z i n g  processes and 

produce very  few d i r e c t  atomic displacements. From c o l l i s i o n  theory, beta 

p a r t i c l e s  are es t imated  t o  produce on t h e  order  o f  one displacement per  decay 

event, and gamma r a d i a t i o n  i s  r e l a t i v e l y  unimportant i n  displacement produc- 

t i o n  (Roberts, Turcot te,  and Weber 1981; Jenks and Bopp 1973). Displacements 

can a lso be produced i n  i o n i c  s o l i d s  by i o n i z a t i o n ,  t h e  p r i n c i p a l  i n t e r a c t i o n  

mode o f  be ta  p a r t i c l e s  and gamma r a d i a t i o n  w i t h  so l i ds .  The e l e c t r o n i c  e x c i -  

t a t i o n s  caused by i o n i z a t i o n  can be l o c a l i z e d  {as separated o r  associated 

e lec t ron-ho le  p a i r s )  and p e r s i s t  f o r  s u f f i c i e n t l y  long  t imes t h a t  t he  l a t t i c e  

becomes unstable and produces permanent i o n  displacements, a  process o f t e n  

r e f e r r e d  t o  as r a d i o l y s i s  (Hobbs 1976). I n  t h i s  manner, s u b s t a n t i a l  . d i s -  

placement damage can be produced by i o n i z i n g  r a d i a t i o n  i n  those i o n i c  s o l i d s  

where t h i s  mechanism i s  e f f i c j e n t  (ha l i des ,  hydrides, and az ides) .  However, 

numerous i o n i c  s o l i d s  (most ly  ox ides)  do no t  e x h i b i t  t h i s  e f f e c t ,  and it has 

no t  been e s t a b l  ished exper imenta l  l y  t h a t  t h i s  mechanism does occur i n '  any o f -  

t he  waste forms c u r r e n t l y  under cons idera t  ion. 

The e f f e c t s  o f  i o n i z a t i o n  f rom beta-gamma i n t e r a c t i o n - w i t h  t h e  waste form 

s o l i d s  i nc lude  cova len t  bond rup ture ,  valence changes, H20 and OH- decomposi- 

t i o n  (an important  cons ide ra t i on  f o r  waste forms w i t h  a  h i g h  water con ten t ) ,  

and decomposit ion o f  uns tab le  molecular  ions. A d d i t i o n a l l y ,  a  r a d i a t i o n -  

induced change i n  t h e  leach r a t e  can r e s u l t  f rom r a d i o l y s i s  o f  t h e  atmosphere- 

and ground water i n  t h e  presence o f  t he  in tense i o n i z i n g  r a d i a t i o n  f i e l d  (be ta  

gamna) associated w i t h  be ta  decay. Rad io l ys i s  o f  a i r  o r  n i t r o g e n  i n  t h e  pres-  

ence o f  water can r e s u l t  i n  t he  fo rmat ion  o f  n i t r i c  a c i d  (Jones 1959). Water 

r a d i o l y s i s  may r e s u l t  i n  t h e  fo rma t i on  o f  var ious  r e a c t i v e - f r e e  r a d i c a l  and 

i o n i c  species as w e l l  as hydrogen perox ide (Burns and Moore 1976; Draganic and 

Draganic 1 9 7 i ) .  

Another p o t e n t i a l  source o f  rad ia t i on - i nduced  changes i s  t he ' t r ansmuta -  

t i o n  o f  t he  f i s s i o n  products.  The two main sources o f  t ransmutat ions.  are t h e  

in termediate-1 i v e d  f i s s i o n  products, i37~s (30.2 years h a l f  -1 i f e )  and 

(28.1 years h a l f - 1  i f e ) ,  which undergo t h e  f o l l o w i n g  decay schemes: 



Transmuta t ions  can i n v o l v e  va lence changes and major  changes i n  atomic r a d i i .  

G lass  waste forms a re  more l i k e l y  t o  t o l e r a t e  these  changes because t hey  

a l r e a d y  have 10 t o  25 elements present ,  i n c l u d i n g  s u b s t a n t i a l  concen t ra t i ons  

o f  bar ium and z i rconium. The c r y s t a l l i n e  phases i n  ceramic waste forms have 

o rde red  s t r u c t u r e s  and a r e  l e s s  l i k e l y  t o  accommodate these k i nds  o f  changes. 

6.1.1.2 E f f e c t s  o f  A lpha Decay 

Alpha decay r e s u l t s  i n  t h e  f o r m a t i o n  o f  two p a r t i c l e s :  a  high-energy 

a lpha  p a r t i c l e  (-4-6 MeV) and a  r e c o i l  nuc leus (-0.1 MeV). Nea r l y  a l l  t h e  

energy  o f  t h e  r e c o i l  nuc leus i s  l o s t  th rough  e l a s t i c  c o l l i s i o n s  w i t h  t h e  waste 

f o r m  c o n s t i t u e n t  atoms, p roduc ing  seve ra l  thousand atomic displacements.  The 

a lpha  p a r t i c l e ,  on t h e  o t h e r  hand, d i s s i p a t e s  most o f  i t s  energy by i o n i z a t i o n  

b u t  s t i l l  undergoes enough e l a s t i c  c o l l i s i o n s  t o  produce severa l  hundred 

atomic displacements.  I t  i s  g e n e r a l l y  assumed t h a t  t h e  p r ima ry  source f o r  

r a d i a t i o n  damage i n  n u c l e a r  waste s o l i d s  i s  f r om d isp lacement  damage. S ince 

a lpha  decay produces seve ra l  o rde rs  of magnitude more d isp lacements than  any 

o t h e r  r a d i a t i o n  source as i l l u s t r a t e d  i n  F i g u r e  6.2, most o f  t h e  s t u d i e s  on 

r a d i a t i o n  e f f e c t s  i n  waste s o l i d s  have emphasized a lpha decay ef fects .  

The i o n i z a t i o n  dose f r om t h e  a lpha  p a r t i c l e s  i s  s i g n i f i c a n t  and may exceed 

t h e  i o n i z a t i o n  dose f r o m  beta-gamma r a d i a t i o n  as i l l u s t r a t e d  i n  F i g u r e  6.3 f o r  

commercia"l h i gh - l eve l  waste. Consequently, a l l  t he  i o n l z a t l o n  e f f e c t s  d i s -  

cussed , i n  t h e  p rev ious  s e c t i o n  a l s o  app ly  f o r  a lpha p a r t i c ' l e s .  'These e f f e c t s  

( i o n i z a t i o n - i n d u c e d  d jsp lacements,  cova len t  bond rup tu re ,  valence changes, and 

wate r  and a i r  r a d i o l y s i s )  may a l s o  be s i g n i f i c a n t  as r e l a t e d  t o  displacement 

damage; however, exper imenta l  evidence a t  t h i s  t i m e  tends t o  suggest t h a t  

d isp lacement  damage dominates. 

I n  complex ceramic waste forms, where t h e  c r y s t a l  s i z e  i s  smal l  (0 .1  t o  

10  pm), t h e  a lpha p a r t i c l e s ,  which have a  range o f  -20 urn, e f f e c t i v e l y  bombard 
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t h e  e n t i r e  s o l i d ,  i n c l u d i n g  t h e  nonac t i n i de - con ta i n i ng  phases; t h e  damage from 

t h e  r e c o i l  n u c l e i ,  however, because o f  t h e i r  s h o r t  range (-0.01 urn), i s  con f ined  

t o  t h e  phase i n  which t h e  a c t i n i d e s  a re  c h e m i c a l l y  incorpora ted .  Consequently, 

a l pha  decay a c t u a l l y  r e s u l t s  i n  two r e l a t e d  b u t  d i f f e r e n t  damage mechanisms: 

a l p h a - r e c o i l  damage ( i .e . ,  damage r e s u l t i n g  f r o m  t h e  s y n e r g i s t i c  e f f e c t  o f  bo th  

a l pha  p a r t i c l e  and r e c o i l  nuc leus)  i n  t h e  a c t i n i d e  h o s t  phases and a lpha  p a r t i -  
rC 

c l e  damage i n  t h e  n o n a c t i n i d e - c o n t a i n i n g  phases. 

T ransmuta t ion  e f f e c t s  f r o m  t h e  a lpha  decay of t h e  a c t i n i d e s  a re  g e n e r a l l y  

i gno red  because t h e  r e l a t i v e l y  few even ts  produce Only  modest cornpus~i t iuna l  

changes ove r  ve ry  long times. 

6.1.2 S i m u l a t i o n  Techniques 

The e f f e c t s  o f  r a d i a t i o n  on n u c l e a r  waste s o l i d s  a re  produced by t h e  decay 

o f  r a d i o a c t i v e  waste spec ies  c o n t a i n e d  w i t h i n  t h e  waste form. The r a d i a t i o n  

damage accumulates over  t h e  decay t i m e  o f  t hese  r a d i o a c t i v e  spec ies and thus  

occu rs  over  a  p e r i o d  of hundreds t o  a  m i l l i o n  o r  more years .  Labo ra l u r y  

exper iments  t o  t e s t  t h e  r a d i a t i o n  s t a b i l i t y  o f  proposed n u c l e a r  waste forms 

must, t h e r e f o r e ,  be a c c e l e r a t e d  s i m u l a t i o n  exper iments .  T h i s  s e c t i o n  rev iews 

t h e  s i m u l a t i o n  techn iques  now be ing  used t o  o b t a i n  d a t a  on t h e  r a d i a t i o n  

s t a b i l i t y  o f  n u c l e a r  waste s o l i d s .  

6.1.2.1 A c t i n i d e  Doping Techniques 

The long- term e f f e c t s  o f  a lpha  decay i n  n u c l e a r  waste forms can be e f f e c -  

t i v e l y  s imu la ted  i n  t h e  l a b o r a t o r y  by i n c o r p o r a t i n a  a  s h o r t - l i v e d  a c t i n i d e  

i so tope ,  such as 2 3 8 ~ u  (87.7 yea rs  h a l f - l i f e )  o r  2 4 4 ~ m  (18.1 yea rs  h a l f -  

l i f e ) ,  i n  e i t h e r  a  s imu la ted  waste form o r  t h e  proposed a c t l n l d e  hos t  phase 

( o r  phases) and a l l o w i n g  i t  t6 damage by s e l f - r - d d i d l i u r ~ .  T h i s  techn ique  

a c c u r a t e l y  r e f l e c t s  t h e  long- term damage f r om a lpha  decay i n  t h e  proposed 

waste forms. The techn ique  i s  t h e  b a s i s  f o r  t h e  t e s t  procedure d r a f t e d  by t h e  

I n t e r n a t i o n a l  Standards O r g a n i z a t i o n  ( ISO) as a  Standard Method f o r  T e s t i n g  

t h e  I r r a d i a t i o n  S t a b i l i t y  o f  S o l i d i f i e d  R a d i o a c t i v e  Waste ( ISOIDIS 6962). The 

M a t e r i a l s  C h a r a c t e r i z a t i o n  Center  (MCC) i n  t h e  U n i t e d  S ta tes  has a l s o  proposed 

a  s t anda rd  t e s t  procedure (MCC-6) based on a c t i n i d e  doping f o r  acce le ra tea  

t e s t i n g  o f  a lpha decay e f f ec t s .  



6.1.2.2 Neutron I r r a d i a t i o n s  

Neutron i r r a d i a t i o n s  take th ree  d i f f e r e n t  approaches, a1 1  i n v o l v i n g  i n -  

reac tor  i r r a d i a t i o n s ,  t o  induce r a d i a t i o n  damage i n  nuclear  waste forms. One 

approach i s  t o  i r r a d i a t e  the  t e s t  specimens o f  the proposed waste forms i n  a  

fas t -neut ron  f l u x  o f  a  research reac to r  (Roberts, Jenks, and Bopp 1976; Reeve 

e t  a l .  1980, 1981). The f a s t  neutrons undergo e l a s t i c  c o l l i s i o n s  w i t h  atoms 

i n  t h e  waste so l i d ,  producing energet ic  p r imary  knock-on atoms t h a t  undergo 

f u r t h e r  e l a s t i c  c o l l i s i o n s  as they  slow down, r e s u l t i n g  i n  numerous d isp lace-  

ments. It i s  argued t n a t  t h e  r e s u l t a n t  displacement damage c o r r e l a t e s  w i t h  

t h e  damage from alpha decay, p a r t i c u l a r l y  t h e  displacement damage from the  

r e c o i l  nuc le i ;  however, such c o r r e l a t i o n s  are  never e a s i l y  made o r  e a s i l y  

i n te rp re ted .  The method i s  simple and produces on l y  moderately r a d i o a c t i v e  

samples; however, i t does have two disadvantages t h a t  must be considered: 

a As no alpha p a r t i c l e s  are produced i n  t h i s  approach, there  i s  no simula- 

t i o n  o f  e f f e c t s  of hel ium atom depos i t i on  i n  t h e  s t r u c t u r e  o r  any syn- 

e r g i s t i c  e f f e c t  o f  the  alpha p a r t i c l e  damage w i t h  t h e  r e c o i l  nucleus 

damage. 

a I n  mul t iphase waste forms, a l l  phases w i l l  experience the  same f a s t  neu- 

t r o n  dose; whereas, i n  r e a l i t y ,  some phases w i l l  con ta in  no ac t i n ides  

and, there fore ,  w i  11 no t  experience r e c o i  1  n u c l e i  damage. These nonact i - 
n ide-conta in ing  phases w i  11 be sub jec t  o n l y  t o  beta-gamma r a d i a t i o n  and 

t o  alpha p a r t i c l e s ,  which o r i g i n a t e  i n  t h e  ac t i n ide -con ta in ing  phases. 

Another neutron i r r a d i a t i o n  technique (Anton in i ,  Lanza; and Manara 1979) 

invo lves  doping the  waste form w i t h  2 3 5 ~  (ox ide )  and i r r a d i a t i n g  t e s t  specimens 

i n  t h e  n e u t r o n ' f l u x  ( thermal o r  f a s t )  o f  a  reac tor .  Such i r r a d i a t i o n  causes 

t h e  2 3 5 ~  t o  f i s s i o n ,  producing high-energy f i s s i o n  fragments, which cause d i s -  

placements. This method prov ides a  less  accurate s imu la t i on  o f  alpha decay 

damage than does f a s t  neutron i r r a d i a t i o n ,  and c o r r e l a t i o n  o f  t h e  damage t o  

alpha decay damage i s  d i f f i c u l t ,  i f  not  impossible, as r e c e n t l y  po in ted  out  by 

Weber (J .  Nucl. Mater., i n  p repara t ion) .  This  technique a lso r e s u l t s  i n  h i g h l y  

a c t i v e  specimens t h a t  must be s to red f o r  some t ime  t o  a l l ow  s u f f i c i e n t  rad io -  

a c t i v e  decay before examination. 



The t h i r d  techn ique  (Malow and Andresen 1979) i n v o l v e s  u t i l i z i n g  t h e  h i g h  

'OB (,,a) c ross  s e c t  i o n  f o r  s low neutrons.  Boron-conta in ing o r  boron-doped 

waste forms a re  i r r a d i a t e d  i n  t h e  slow-neutron f l u x  o f  a  r eac to r ,  p roduc ing  

a lpha  p a r t i c l e s  (Emax = 1.78 MeV). H igh  r a t e s  o f  he l ium f o r m a t i o n  are pos- 

s i b l e ,  and b o r o s i l i c a t e  g lasses  r e q u i r e  no a c t u a l  boron doping. A major  

d isadvan tage  i s  t h a t  t h e  damage produced i s  n o t  comple te ly  equ i va len t  t o  

a lpha- reco i  1  damage. 

6.1.2.3 Charged-Par t ic le  I r r a d i a t i o n s  

Charqed-par t i c le  i r r a d i a t i o n s  w i t h  e l ec t rons ,  protons,  a lpha p a r t i c l e s ,  

o r  heavy i ons  (Ni ,  Pb) o f f e r  a  techn ique  f o r  s i m u l a t i n g  r a d i a t i o n  damage i n  

v e r y  s h o r t  t imes  w i t h o u t  t h e  d i f f i c u l t i e s  assoc ia ted  w i t h  hand l i ng  r a d i o a c t i v e  

m a t e r i a l s .  The r e s u l t s ,  however, a re  d i f f i c u l t  t o  i n t e r p r e t  because t h e  , 

e f f e c t s  a r e  concen t ra ted  i n  a  narrow su r face  l a y e r  and i n  a  smal l  area, making 

p o s t - i r r a d i a t i o n  a n a l y s i s  more d i f f i c u l t .  The assumptions behind these methods 

a r e  as f o l l o w s :  

A l l  t h e  e n e r g e t i c  p a r t i c l e s ,  i n c l u d i n g  high-energy e l e c t r o n s  ( E  > 0.5 MeV), 

produce d isp lacement  damage t h a t  p robab l y  can be c o r r e l a t e d  w i t h  t h e  d i s -  

placement damage f r om a lpha  decay. 

Heavy-ion i r r a d i a t i o n  should s i m u l a t e  t h e  damage f r om r e c o i l  n u c l e i .  

Alpha bombardment. p a r t i c u 1 a r l . y  w i t h  a lphas  em i t t ed  by an a c t i n i d e  source, 

p r o v i d e s  a  r e a l i s t i c  s i m u l a t i o n  o f  i r r a d i a t i o n  e f f ec t s  due t o  a lpha p a r t i -  

c l e s  i n  t he  nonac t i n i de -con ta in i ng  phases. 

High-energy e l e c t r o n  i r r a d i a t i o n s  (>0.5 MeV) can s imu la te  high-energy 

b e t a  damage. Low-energy e l e c t r o n  i r r a d i a t i o n s  ( t 0 .5  MeV) cause o n l y  

i o n i z i n g  damage, which can s imu la te  beta-gamma i o n i z a t i o n  e f f e c t s .  

The f i r s t  two assumptions a re  d i f f i c u l t  t o  comple te ly  j u s t i f y  because c o r r e l a -  

t i o n  o f  damage produced by d i f f e r e n t  p a r t i c l e s  i s  never s t r a i g h t f o r w a r d ,  and 

i r r a d i a t i o n  damage f r om a  s i n g l e  p a r t i c l e  t y p e  may be q u i t e  d i f f e r e n t  f r om t h e  

r e a l  case, where t h e  s y n e r g i s t i c  e f f e c t s  o f  a l l  t h e  r a d i a t i o n  spec ies a re  

inc luded .  The l a s t  two assumptions a re  more e a s i l y  j u s t i f i e d  f o r  t h e  s p e c i f i c  

cases i nd i ca ted ;  p o s t - S r r a d l a t l o n  ana lys is ,  however, i s  s l i  11 1  i l n i t ed  because 

o f  t h e  sma l l  volume i r r a d i a t e d .  



6.1.2.4 Gamma I r r a d i a t i o n s  

The e f f e c t s  o f  gamma r a d i a t i o n  on the  p r o p e r t i e s  o f  nuc lear  waste forms 

o r  on leach r a t e  (due t o  r a d i o l y s i s  o f  t he  atmosphere and ground water sur- 

rounding the  waste form) are most e f f e c t i v e l y  and accu ra te l y  s imulated by 

per forming i r r a d i a t i o n  t e s t i n g  i n  a  gamma-radiation f a c i l i t y  t h a t  incorpo- 
6  r a t e s  a  6 0 ~ o  source. Dose r a t e s  on t h e  order  o f  2.5 x  10 R /h r  a re  e a s i l y  

7 obtainable, and i n  some f a c i l i t i e s  dose r a t e s  o f  -10 R /h r  a re  achievable 

w' i  t h  some heal: general: ion. 

6.1.2.5 Transmutation S imula t ion  

Techniques f o r  s imu la t i ng  t ransmuta t ion  e f f e c t s  i n  nuc lear  waste forms are 

l i m i t e d .  A t  present, o n l y  one experimental  procedure has been u t i l i z e d  t o  

s tudy t ransmutat ion e f f e c t s .  I n  t h i s  technique (Chick e t  a l .  1980; Weber, 

Wald, and Gray 1980), nuclear  waste forms and se lec ted  single-phase m a t e r i a l s  

are neut ron- i r rad ia ted  t o  conver t  a  l a r g e  f r a c t i o n  (-12% i n  t h a t  study) o f  the  

n a t u r a l  1 3 3 ~ s  t o  134~s,  which then transmutes t o  1 3 4 ~ a  w i t h  a  2.06-year h a l f -  

l i f e .  Immediately a f t e r  i r r a d i a t i o n ,  t he  m a t e r i a l s  are annealed t o  remove the  

neutron damage, and changes i n  waste form p r o p e r t i e s  are then monitored as a  

f u n c t i o n  o f  the  t ransmuta t ion  ingrowth. 

6.1.3 Rad ia t ion  Damage i n  Natura l  Mine 

Another approach t o  he lp  understand the  complex e f f e c t s  o f  r a d i a t i o n  dam- 

age i n  nuclear  waste forms, p a r t i c u l a r l y  c r y s t a l l i n e  waste forms and t h e i r  

proposed a c t i n i d e  hos t  phases, i s  by e v a l u a t i n g  r a d i a t i o n  damage i n  n a t u r a l  

minerals.  Rad ia t ion  damage i n  n a t u r a l  minera ls  r e s u l t s  f rom t h e  alpha decay 

o f  t he  uranium and thor ium nucl ides, incorpora ted  w i t h i n  t h e  c r y s t a l  s t ruc-  

tu re .  The damage i n  t h e  minera ls  man i fes ts  i t s e l f  i n  several  ways, such as 

t h e  format ion o f  f i s s i o n  t racks ,  p leoch ro i c  halos, and metamict m ine ra l s  

(Ewi ng 1981). 

Most o f  t h e . i n t e r e s t  i n  t h i s  area has centered on t h e  metamict minerals,  

p a r t i c u l a r l y  those t h a t  are i s o s t r u c t u r a l  o r  s t r u c t u r a l l y  s i m i l a r  t o  proposed 

a c t i n i d e  host phases i n  c r y s t a l l i n e  waste forms. Metamict substances are  

those which were o r i g i n a l l y  c r y s t a l l i n e  b u t  have become amorphous. Although 



the  mechanism f o r  l oss  o f  c r y s t a l l i n i t y  i n  these minera ls  i s  no t  c l e a r l y  under- 

stood, damage caused by the  decay o f  the  uranium and thor ium nuc l ides  i s  cer -  

t a i n l y  c r i t i c a l  i n  metamic t iza t ion .  Comparison o f  metamict and nonmetamict 

polymorphs, such as t h o r i t e  and h u t t o n i t e  (ThSi04), may prov ide  a  basis  f o r  

understanding t h e  suscept i b i  1  i t y  o f  d i f f e r e n t  c r y s t a l  s t ruc tu res  t o  r a d i a t i o n  

damage (Ewi ng and Haaker 1980). 

I n  recent  years, severa l  syn the t i c  minera l  types have been proposed as 

i d e a l  hosts f o r  a c t i n i d e s  i n  nuclear  waste ceramics, such as the  supercalc ine 

and SYNROC formula t ions ,  based on the  apparent r a d i a t i o n  and chemical s t a b i l i t y  

of the  c l o s e l y  r e l a t e d  na tu ra l  minera ls  over a  wide range o f  geologic  and 

geochemical environments. Many of these n a t u r a l  minera l  analogues are o n l y  

r e l a t i v e l y  s tab le  w i t h  respect  t o  r a d i a t i o n  damage and o f t e n  tend toward . 

metamic t iza t ion  over  long geo log ic  t ime. The m o d i f i c a t i o n  o f  t he  chemist ry  o f  

t h e  s y n t h e t i c  m ine ra l s  i n  ac tua l  h igh - leve l  waste ceramics may make some o f  

these a c t i n i d e  hos t  phases more suscep t i b le  t o .  r a d i a t i o n  damage. 

I n  general,  the  na tu ra l  minera l  analogues o f  proposed a c t i n i d e  host  phases 

i n  nuc lear  waste ceramics prov ide  o n l y  q u a l i t a t i v e  in format ion about t he  rad ia -  

t i o n  s t a b i l i t y  o f  the  proposed s y n t h e t i c  minera l  phases. The ava i l ab le  i n f o r -  

mation on these n a t u r a l  analogues i s  o f t e n  incomplete o r  i ncons i s ten t  on such 

aspects as age, weathering, and change i n  leach r a t e  as a  r e s u l t  o f  metamic t i -  

za t ion .  C lea r l y ,  t he  t e s t i n g  o f  r a d i a t i o n  damage i n  s imulated waste forms 

c o n t a i n i n g  these proposed s y n t h e t i c  minera ls  i s  needed t o  conc lus i ve l y  demon- 

s t r a t e  the  s t r u c t u r a l  and chemical s t a b i l i t y  o f  these phases t o  r a d i a t i o n  

damage. 

6.2 RADIATION DAMAGE IN GLASS WASTE FORMS 

Glass i s  a  h i g h l y  developed s o l i d  form f o r  t he  storage o f  h igh - leve l  

nuc lear  wastes (Mendel 1978). As a  r e s u l t ,  most o f  the  s tud ies  o f  r a d i a t i o n  

damage, bo th  i n  t he  Un i ted  States and abroad, have concentrated on proposed 

g lass waste forms. The experimental  r e s u l t s  t o  date on the  e f f e c t s  o f  rad ia -  

t i o n  damage on volume, leach rate,  s to red  energy, structure/microstructure, 

and mechanical p r o p e r t i e s  o f  glass waste forms are reviewed below. Much 



o f  the  data represents r a d i a t i o n  damage e f f e c t s  produced by alpha decay i n  

a c t i n i d e  doped waste forms, s ince i t  i s  genera l l y  assumed t h a t  t h i s  mechanism 

i s  t he  pr imary source f o r  r a d i a t i o n  damage i n  nuclear  waste forms (Sec- 

t i o n  6.1.1.2). 

There a lso  e x i s t s  a l a r g e  volume o f  r a d i a t i o n  e f f e c t s  data f o r  e a r l i e r  
' 

work on g lass " f o r  o the r  app l ica t ions ;  t h i s  i n fo rma t ion  i s  no t  inc luded i n  t h i s  

repo r t .  Primak (1977), however, has r e c e n t l y  reviewed some' o f  t he  data on 

r a d i a t i o n  e f f e c t s  i n  simple glasses p e r t i n e n t  t o  t h e  development o f  nuc lear  

waste glasses. Reviews o f  ex tens ive  e a r l y  work on r a d i a t i o n  damage i n  g lass  

are a lso  a v a i l a b l e  (Gi lmour and Heenan 1965; R i ley ,  Coppins and Duckworth 

1958). 

6.2.1 Volumetr ic Changes 

The volume ( o r  dens i t y )  o f  h igh- leve l  nuc lear  waste glasses can decrease, 

increase, o r  remain unchanged as a r e s u l t  o f  r a d i a t i o n  damage. Volume changes 

can cause i n t e r n a l  s t resses i n  t he  waste glass, p a r t i c u l a r l y  i n  p a r t i a l l y  

d e v i t r i f i e d  g lass i f  d i f f e r e n t i a l  volume expansions occur, and can a l so  lead 

t o  poss ib le  s t r a i n s  i n  t h e  metal can i s te r .  Almost a l l  t h e  da ta  on r a d i a t i o n -  

induced volume changes i n  nuc lear  waste glasses have been obta ined i n  a c t i n i d e  

doping s tud ies  o f  alpha decay damage. There i s  a l s o  a very  l i m i t e d  amount o f  

da ta  f rom neutron-induced f i s s i o n  damage and f rom e l e c t r o n  i r r a d i a t i o n s .  

6.2.1.1 A c t i n i d e  Doping 

Several waste g lass  composit ions have been s tud ied  a t  t h e  P a c i f i c  North- 

west Laboratory (PNL) us ing  the  act in ide-doping technique descr ibed i n  Sec- 

t i o n  6.1.2.1 (Mendel e t  a l .  1976; Mendel e t  a l .  1977; Ross e t  a l .  1978;' Ross 

and Mendel 1979; Weber e t  a l .  1979). The composit ions o f  these waste glasses 

are g iven i n  Table 6.1, along w i t h  t h e  concen t ra t i on  o f  t h e  a c t i n i d e  dopant 
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( Cm203). One g lass  composit ion (PNL 77-260) was prepared i n  t h r e e  i n i t i a l  

forms: one v i t r e o u s  and two par t . ia1 l y  d e v i t r i f  i e d  (Weber e t  a l .  1979). One 

o f  t h e  p a r t i a l l y  d e v i t r i f i e d  g lass  forms (slow-cooled a t  6 O ~ l h r  f rom 1 0 5 0 ~ ~ )  

conta ined l a rge  c r y s t a l s  (-25 t o  100 um), and t h e  o t h e r  (700°c, 1 week) con- 

t a ined  a f i n e  d i spe rs ion  o f  smal l  c r y s t a l s  (<5 urn). The change i n  d e n s i t y  as 

a f u n c t i o n  o f  accumulated dose was measured. The .dens i t y  measurements were 



TABLE 6.1. Composi t ion o f  PNL Simulated High-Level  Waste Glasses 

72-68-a 72-68b 76-68 76-260 - - E-G 
Wei gh t P e r c e n t  of-nent- 

P-G 
COMPONENT 

G l  ass Cmponents 

S i  02 
6203 
Liz0 
Na20 
'(20 
Ti02 
C a0 
4 0  
S r O  
B a0 
A'I 203 
Z no 
PbO 
C uo 

Fission Products 

Rb20 
SrO 

Actinides 

Na2O 
Fe203 
Cr203 
N i O  
p205 
M"02 

(a )  Includes corrosion products, nuclear poisons, process chemicals, and 
cladding residues. 



made on -3-9 t e s t  specimens by the  buoyancy technique. The d e n s i t y  changes 

(percent )  as a  f u n c t i o n  o f  accumulated dose f o r  these waste g lass composit ions 

are shown i n  F igu re  6.4. The glasses e i t h e r  expanded ( d e n s i t y  decrease) o r  

con'tracted ( d e n s i t y  i-ncrease), depending on composit ion. The d e n s i t y  changes 

tend t o  f o l l o w  an exponent ia l  behavior as a  func t i on  of dose, as descr ibed by 

t h e  f o l l o w i n g  r e l a t i o n :  

where p i s  t h e  d e n s i t y  of t h e  glass, D i s  t he  dose (a lpha  decays/cm3), and A 

and B a re  material-dependent parameters ( A  i s  t h e  d e n s i t y  change a t .  s a t u r a t i o n  

0.0 REOUS) 

-0.4 

(CONTAINING SMALL 
CRYSTALS) 

PNL E-G 

PNL 77-260 
CONTAINING LARGE 

-1.2 I I I 1 

.o  2 4 6 8 
CUMULATIVE DOSE, 1 OqaALPHA DECAYS/cmS 

FIGURE 6.4. Dens i ty  Changes i n  2 4 4 ~ w ~ o p e d  Waste Glasses 
(Roberts, Turcot te,  and Weber 1981) 



and B determines t h e  r a t e  of d e n s i t y  change). The va lues  of A and 9, as de te r -  

mined by r e g r e s s i o n  ana lyses  o f  t h e  data,  f o r  t h e  d i f f e r e n t  waste g lasses  a re  

g i v e n  i n  Tab le  6.2. From t h e  r e s u l t s ,  t h e  v o l u m e t r i c  changes i n  these  waste 

g l asses  shou ld  n o t  exceed approx imate ly  *I%; a volume change on t h i s  o r d e r  can 

be t o l e r a t e d  by p r e s e n t  c a n i s t e r  des igns  (Mendel 1978). 

B i b l e r  and K e l l e y  (1978) have eva lua ted  t h e  e f f e c t s  o f  i n t e r n a l  a lpha 

decay on t h e  d e n s i t y  of a  b o r o s i l i c a t e  g l a s s  (52.5 w t %  Si02, 10 w t %  B203, 

22.5 w t %  Na20, 10 w t %  T i02,  and 5 w t %  CaO) f o r  long-term s to rage  o f  Savannah 

R i v e r  P l a n t  (SRP)  r a d i o a c t i v e  waste. Two glasses, each c o n t a l n i r ~ g  45 w ' t %  u f  a 

s i rnurated d r y  w a s t e  [50 mole% F ~ ( O # ) ~  a ~ l d  50 i l i o l e l  MnO I ,  were prepared by 2  
a c t i n i d e  doping. One was doped w i t h  0.49 w t %  2 4 4 ~ m ,  and t h e  o t h e r  w i t h  

0.97 w t %  2 3 8 ~ u .  A t h i r d  g l a s s ,  c o n t a i n i n g  no s imu la ted  waste, was a l s o  pre-  

pared  by doping w i t h  0.81 w t %  2 3 8 ~ u .  Measurements were made over  a  p e r i o d  o f  
3 420 days t o  an accumulated dose of -1.2 x  1018 a lpha  decayslcm f o r  t h e  

244~m-doped g l a s s  and -6 x  1017 a lpha  decays/cm3 f o r  t h e  238~u-doped g lasses.  

D e n s i t y  measurements (per fo rmed a t  22 * l O c  by  we igh ing  i n  a i r  and carbon t e t r a -  

c h l o r i d e )  o f  a l l  t h r e e  g l asses  showed a volume expans ion t h a t  increased l i n -  

e a r l y  w i t h  dose ove r  t h e  range s tud ied .  The maximum volume change observed 

TABLE 6.2. Values o f  Constants  A and 9, f o r  Exponen t ia l  
Dependence of' D e n s i t y  Charige i r ~  PNL Glasses 
(adapted f r om Rober ts  1980) 

PNL Glass C o m ~ o s i t i o n  

72-68-a 

72-68-b 

76-68 

77-260 ( v i t r e o u s )  

77-260 ( s m a l l  c r y s t a l s )  

77-260 ( 1 arge c r y s t a l s )  

E -G 

P-G 

8.33 x  

10.0 

1.33 x  

n o t  measurable 

-4.5 x  10- 3 

-10.2 

-9.75 x  10- 3 

-4.36 x 10- 3  

n o t  measurable 

11.0 1 0 - l ~  

6.6 x  10-l9 

8.7 x  10-l9 

9.3 10-l9 

( a )  P r c d i c t e d  d e n s i t y  change a t  sa tu ra t . i on .  



244 ( Cm-doped g lass)  i s  about 0.55%. Since the  changes i n  volume i n  a l l  th ree  

glasses show no signs o f  approaching sa tu ra t i on ,  l a r g e r  volume expansions can 

be expected a t  h igher  doses. (Data a t  h igher  doses have no t  been repor ted.)  

The two waste glasses conta in ing  simulated waste and doped w i t h  2 4 4 ~ m  o r  2 3 8 ~ u  

are very  s i m i l a r  i n  t h e i r  ra tes  o f  volume change w i t h  dose. I n  t he  g lass con- 

t a i n i n g  no s imulated waste and doped w i t h  2 3 8 ~ u ,  t he  r a t e  o f  volume change 

w i t h  dose was s i g n i f i c a n t l y  l ess  than i n  t he  o ther  two glasses t h a t  conta ined 

simulated waste. 

I n  a  c o l l a b o r a t i v e  program t o  cha rac te r i ze  waste forms undertaken by the  

Centre de Marcoule (CEA-France), t he  Hahn-Mei t n e r  I n s t  i t u t  ( B e r l i n ) ,  and t h e  

Atomic Energy Research Establ ishment (Harwel l  , UK), f o u r  boros i  li cate glasses 

and one phosphate g lass were doped w i t h  238~u02,  and the  e f f e c t s  o f  rad ia -  

t i o n  damage s tud ied  (Malow, Marples, and Sombret 1980). The f o u r  bo ros i  l i c a t e  

glasses, designated SON 58.30.20 .U2 (French), VG 98/3 (German), UK-209 and 

UK-189 ( B r i t i s h ) ,  were doped w i t h  2.5 w t %  238~u02.  The Pamela phosphate g lass 

was doped w i t h  5  w t %  238~u02  because o f  the  h igher  s o l u b i l i t y  o f  Pu02 i n  - 
t h i s  g lass.  The changes i n  dens i t y  as a  f u n c t i o n  o f  accumulated dose i n  these 

glasses are shown i n  F igure 6.5. The Pamela phosphate g lass and t h e  French 

glass, SON 58.30.20.U2, show an increase i n  dens i t y  w i t h  dose (volume cont rac-  

t i o n ) ,  wh i l e  i n  t he  o the r  th ree  b o r o s i l i c a t e  glasses t h e  d e n s i t y  decreases 

(volume expansion). A l l ,  the  glasses are showing signs o f  s a t u r a t i o n  i n  d e n s i t y  

change and f i t  the  exponent ia l  r e l a t i o n  g iven by Eq. 1. The values o f  t he  

constants, A  and By f o r  these glasses are g iven i n  Table 6.3. The r e s u l t s  

p r e d i c t  t h a t  t h e  volume expansion f o r  t h ree  o f  the  glasses w i l l  sa tu ra te  a t  

l ess  than 1.0%, wh i l e  the volume c o n t r a c t i o n  o f  SON 58.30.20.UZ w i l l  sa tu ra te  

a t  about 1.2%. The values o f  B  f o r  these glasses are smal le r  than t h e  values 

o f  B  f o r  t he  PNL glasses (Table 6.2). Th is  i n d i c a t e s  t h a t  t h e  European 

glasses w i l l  sa tura te  a t  a  s l i g h t l y  slower r a t e  (per  u n i t  dose) and, hence, 

h igher  dose than t h e  PNL glasses. 

Two o ther  s tud ies  on the  e f f e c t s  of alpha decay on g lass volume have a lso 

been c a r r i e d  out .  At  Harwel l ,  H a l l  e t  a l .  (1976) measured length  changes i n  a  

boros i  1  i cate g l  ass developed t o  immobi 1  i ze Magnox f u e l  reprocessed waste and 
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FIGURE 6.5. Densi t y  Changes i n  2 3 8 ~ u - ~ o ~ e d  European HLW 
Glasses (adapted f rom Malow, Marples and 
Sombret 1980) 

TABLE 6.3. Values o f  Constants A and B f o r  Exponential  Dependence 
o f  Dens i t y  Change i n  European Glasses (adapted f rom 
Malow, Marples and Sombret 1980) 

G l  ass Composi t i on ~ ( a )  B, cm3 

SON 58.30.20.UZ 12.0 3.5 10‘19 

VG 98/3 -8.8 x 1.3 x lo-19 
UK-209 -9.0 x 1 .O x lo-'' 
UK-189 04.9 10'~ 3 , O  x lo-19 

( a )  Pred i  c ted  densi t y  change a t  sa tu ra t  i on. 



doped w i t h  5  w t %  238~u02 .  A t  5 0 ' ~  s to rage  temperature,  t h e  l e n g t h  inc reased  
3  by 0.02% a f t e r  2  x  1018 a lpha de.cayslcm ; whereas, i n  specimens s toked a t  

3 - 1 7 0 ' ~  t h e  l eng th  increased by 0.4% a f t e r  0.27 x  1018 a lpha decayslcm and then  

s l o w l y  decreased w i t h  dose. Un fo r tuna te ly ,  i n i t i a l  d e n s i t y  measurements were 

n o t  made; t he re fo re ,  d e n s i t y  da ta  i s  n o t  a v a i l a b l e  as a  f u n c t i o n  o f  dose. 
3  A f t e r  a  dose o f  2  x  1018 a lpha decayslcm , t h e  specimens were annealed 

and d e n s i t y  recovery  measured. The specimens s t o r e d  a t  5 0 ' ~  showed a  0.15% 

inc rease  i n  d e n s i t y  a f t e r  hea t i ng  t o  4 6 0 ' ~ ~  w h i l e  t h e  specimens s t o r e d  a t  

1 7 0 ' ~  e x h i b i t e d  a  decrease i n  d e n s i t y  of 0.23% a f t e r  hea t i ng  t o  4 8 0 ' ~ .  The 

d i s p a r i t y  between t h e  d i l a t o m e t e r  and d e n s i t y  measurements was n o t  reso lved .  

I n  t h e  o t h e r  study, Bonniaud e t  a l .  (1979, 1980) 'observed no d e n s i t y  changes 

i n  e i t h e r  a  2 4 1 ~ m  doped g l a s s  o r  a  2 3 8 ~ u  doped g lass  a f t e r  -1 x  1018 
7 .  

alpha decays/cm3. 

6.2.1.2 Neutron I r r a d i a t i o n s  

Uranium doping f o l l o w e d  by neu t ron  i r r a d i a t i o n  has been used i n  a  s imula- 

t i o n  exper iment by A n t o n i n i  e t  a l .  (1980) t o  s tudy  d e n s i t y  changes as a  func-  

t i o n  o f  displacements pe r  atom (dpa) i n  a  b o r o s i l i c a t e  g l a s s  r e p r e s e n t a t i v e  o f  

t h e  g lasses commonly taken  i n t o  c o n s i d e r a t i o n  i n  Europe f o r  h i gh - l eve l  waste 

v i t r i f i c a t i o n .  They doped'samples o f  t h e  b o r o s i l i c a t e  g l a s s  waste f o rm  w i t h  

d i f f e r e n t  amounts o f  2 3 5 ~ ,  encapsulated t e s t  specimens i n  a  cadmium s h i e l d  t o  

e l i m i n a t e  t h e  thermal  neut rons and i r r a d i a t e d  t h e  specimens i n  t h e  h i g h - f l u x  

r e a c t o r  a t  Pe t t en  t o  induce damage by t h e  f i s s i o n i n g  o f  t h e  2 3 5 ~  (An ton in i ,  

Lanza and Manara 1979). The specimens were i r r a d i a t e d  t o  doses rang ing  f r om - - 
3 3  0.0012 dpa (1 x  ld5 t i s s i o n s / c m  ) t o  0.36 dpa ( 4  x  1017 f i s s i o n s l c m  ), - - 

r e p o r t e d  t o  represen t  e q u i v a l e n t  alpha-decay doses o f  -3 x  10" a lpha  decays1 
3  3  cm t o  9.4 x  1018 a lpha decayslcm , r e s p e c t i v e l y .  D e n s i t y  measurements were 

c a r r i e d  ou t  i n  h o t  c e l l s  by t h e  t r a d i t i o n a l  Archimedian method us ing  t e t t a -  - 
3 ~ h l ' o r o e t h ~ l e n e  ( d e n s i t y  = 1.67 glcm ) as t h e  re fe rence  f . l u i d .  The r e s u l t s  show 

a  d e f i n i t e  decrease i n  d e n s i t y  (volume expansion),  b u t  t h e  f u n c t i o n a l  depen- 

dence o f  d e n s i t y  change on dose i s  u n c e r t a i n  due t o  l a r g e  s c a t t e r  i n  t h e  data.  

The maximum volume expansion measured was 0.80%. (Note: There i s  an e r r o r  i n  

t he  dose va lues g i ven  i n  Table 1 o f  A n t o n i n i  e t  a l .  1980;' t h e  1,ast two dose 

e n t r i e s  should be inc reased  by a  f a c t o r  o f  10.) 



6.2.1.3 Charged-Par t i c le  I r r a d i a t i o n s  

H a l l  e t  a l .  (1976) s imu la ted  r a d i a t i o n  damage from be ta  decay i n  s imu la ted  

Magnox waste g l a s s  by i r r a d i a t i n g  w i t h  0.5-MeV e l e c t r o n s  f r om a  Van de G r a a f f  

a c c e l e r a t o r .  The i r r a d i a t i o n s  were c a r r i e d  o u t  a t  3 0 0 ' ~  t o  a  dose o f  10 19 

2  e l e c t r o n s / c m  (-2.5 x  1011 r a d ) .  D e n s i t y  measurements r evea led  no s i g n i f i c a n t  

volume change. 

6.2.1.4 Gamma I r r a d i a t i o n s  

There have been no gamma i r r a d i a t i o n  exper iments  per formed on g l a s s  waste 

forms t h a t  measured v o l u m e t r i c  chan'qes. Shelby (1980),  however, has measured 

d e n s i t y  changes i n  s e v e r a l  commercial b o r o s i l i c a t e  g lasses  i r r a d i a t e d  w i t h  

6 0 ~ o  gamma r a d i a t i o n  ove r  t h e  dose range f r o m  l o 8  t o  1011 rad. The r a d i a l i u n -  

induced d e n s i f i c a t i o n  i nc reased  w i t h  dose and appa ren t l y  w i t h  boron con ten t .  

The maximum volume change observed was -1.0%. 

6.2.1.5 T ransmuta t ion  S i m u l a t i o n  

As d iscussed  p r e v i o u s l y  ( S e c t i o n  6.2.2.5), t h e r e  i s  c u r r e n t l y  o n l y  one 

t r a n s m u t a t i o n  s i m u l a t i o n  exper iment  be ing  c a r r i e d  ou t .  I n  t h a t  s tudy  (Chick  

e t  a l .  1980; Weber, Wald and Gray 1980), t h r e e  g lasses  a re  be ing  s tud ied :  A 

s imu la ted  waste g lass ,  a  high-cesium g lass ,  and a  h i g h - s i l i c a  g lass .  The h igh-  

cesium g l a s s  was p repared  i n  two forms, w i t h  and w i t h o u t  2 4 4 ~ m  (-2 wt%).  Den- 

s i t y  measurements a f t e r  about 3% o f  t h e  t o t a l  cesium t ransmuted t o  bar ium i n d i -  

c a t e  no s i g n i f i c a n t  volume changes i n  e i t h e r  t h e  s imu la ted  waste g l a s s  o r  t h e  

h i g h - s i l i c a  g lass.  The two forms o f  t h e  high-cesium g l a s s  have b o t h  shown 

volume c o n t r a c t i o n s  o f  about 0.8%. T h i s  s t udy  i s  con t i nu i ng ,  and f u t u r e  da ta  

shou ld  e s t a b l i s h  whether  t hese  t r e n d s  con t i nue .  

6.2.2 Leach Rate Changes 

The l each  r a t e  o f  a  h i g h - l e v e l  n u c l e a r  waste s o l i d  i s  t h e  r a t e  a t  which 

t h e  components of t h e  waste form a re  a t t a c k e d  and d i s s o l v e d  b y  a  c o n t a c t i n g  

l i q u i d  and i s ,  t h e r e f o r e ,  a  measure o f  t h e  chemica l  d u r a b i l i t y  o f  t h e  m a t e r i a l .  

The leach  r a t e  of a  waste form i s  impo r tan t  i n  g e o l o g i c  d i sposa l  because t h e  

p r i m a r y  pathway o f  r a d i o n u c l i d e  m i g r a t i o n  t o  t h e  b iosphere  beg ins  w i t h  ground 

wa te r  l e a c h i n g  o f  t h e  waste forra. R a d i a t i u n  darr~aye rnay a f f e c t  t h e  leach  r a t e  



by producing phys i ca l  and chemical changes i n  the  waste form o r  by producing 

chemical changes i n  the  surrounding environment (main ly  t he  ground water).  

6.2.2.1 A c t i n i d e  Doping Data 

Of the several  waste g lass composit ions doped w i t h  2 4 4 ~ m  a t  t he  P a c i f i c  

Northwest Laboratory (Table 6.1), o n l y  two o f  t he  compositions, PNL 72-68-a 

and 77-260, have been s tud ied  f o r  changes i n  leach r a t e  (Mendel e t  a l .  1976; 

Mendel e t  a l .  1977; Weber e t  a l .  1979; Roberts 1980). Mendel e t  a l .  (1976 and 

1977) measured the  leach r a t e  o f  curium-doped PNL 72-68-a as a f u n c t i o n  o f  

t ime by a s t a t i c  leach t e s t  i n  d i s t i l l e d  water a t  25Oc. The leach r a t e s  were 

determined f rom both  potassium and curium i n  solut i -on. The r e s u l t s ,  based on 

average values f rom seven d i f f e r e n t  specimens, are shown i n  F igu re  6.6 along 

w i t h  the  leach r a t e  (based on potassium) of a s i m i l a r l y  prepared bu t  undoped 

sample o f  PNL 72-68-a. The leach r a t e s  based on potassium are s i g n i f i c a n t l y  

h igher  ( two orders o f  magnitude) than those based on curium. Th i s  suggests 

t h a t  cur ium leaches a t  a much lower r a t e  than the  more so lub le  a l k a l i  ions, 

such as potassium, o r  t h a t  t h e  s o l u b i l i t y  o f  t he  curium i n  t h e  s o l u t i o n  i s  low 

enough t o  c o n t r o l  t he  curium re lease ra tes .  A comparison of t he  leach ra tes ,  

based on potassium, o f  t he  curium-doped and undoped samples shows t h a t  t h e  

curium-doped sample has a s l i g h t l y  h igher  leach r a t e  ( f a c t o r  of two) b u t  does 

no t  k i g n i f i c a n t l y  change w i t h  t ime ( o r  dose). The d i f f e r e n c e  between the  

doped and undoped samples may be a s o l u t i o n  r a d i o l y s i s  e f f e c t  f rom the  alpha 

p a r t i c l e s  a t  t he  sample-solut ion i n t e r f a c e  i n  t h e  curium-doped study. S i m i l a r  

behavior from gamma r a d i o l y s i s  has been repo r ted  by McVay and Pederson (1981) 

a r ~ d  MuVay, Weber and Pederson (1980) and ~ 1 1 1  be descr ibed i n  more d e t a i  l 

below (Sect ion 6.2.2.4). Roberts (1980) measured the  leach r a t e  change o f  PNL 

72-68-a as a f u n c t i o n  o f  dose us ing  the  dynamic Soxhlet  t e s t  descr ibed by 

Mendel e t  a l .  (1977). The leach ra te ,  determined by weight loss, d i d  no t  

increase s i g n i f i c a n t l y  ( l e s s  than f a c t o r  o f  two) as shown i n  F i g u r e  6.7 a f t e r  

a dose o f  10 x lo1' alpha decayslcm3; t h i s  i s  a f a c t o r  o f  two beyond where 

the  s t r u c t u r a l  damage saturated. The increase i s  w e l l  w i t h i n  t h e  experimental  

e r r o r  o f  the tes ts .  

Weber e t  a l .  (1979) performed leach t e s t i n g  on t h r e e  forms of. PNL 77-260, 

one v i t reous  and two p a r t i a l l y  d e v i t r i f i e d  (see Sect ion  '6.2.1.1), us ing  bo th  
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dynamic Soxh le t  and acid-base t e s t s  (Mendel e t  a l .  1977). The leach r a t e s  

c a l c u l a t e d  f rom bo th  o v e r a l l  we'ight l o s s  and f r o m  t h e  2 4 4 ~ m  concen t ra t  i o n  i n  

t h e  leachant  a re  shown i n  F i g u r e  6.8. The r e s u l t s  ob ta i ned  by we igh t  l o s s  were 
244 

s i g n i f i c a n t l y  h i ghe r  than  t h e  r e s u l t s  based on Cm i n  s o l u t i o n ,  except  i n  

t h e  pH 4  t e s t ,  where t h e  r e s u l t s  a r e  comparable. The amount o f  2 4 4 ~ m  i n  so lu-  

t i o n  increases as t h e  leachant  goes f r om b a s i c  (pH 9)  t o  a c i d  (pH 4) ,  which 

d i r e c t l y  f o l l o w s  t h e  s o l u b i l i t y  behav io r  o f  a c t i n i d e s  as a  f u n c t i o n  of pH. 

The 2 4 4 ~ m  i s  appa ren t l y  r e t a i n e d  t o  a  h i ghe r  degree by t h e  g l a s s  and d e v i t r i f i -  

c a t i o n  p roduc ts  than t h e  more s o l u b l e  elements ( a l k a l i ,  boron),  i n  agreement 

w i t h  t h e  PNL 72-68-a r e s u l t s  d iscussed above, b u t  1each . ra tes  based on a  s i n g l e  

spec ies i n  s o l u t i o n  should be suspect. I n  genera l ,  t h e  r e s u l t s  based on we igh t  

l o s s  a re  more i n d i c a t i v e  o f  ac tua l  behavior ,  and i n  t h e  case o f  PNL 77-260 t h e  

r e s u l t s  show no s i g n i f i c a n t  change i n  leach  r a t e  a f t e r  a ' dose  of 4.4 x  10 18 

3  a lpha decayslcm , which i s  t h e  dose where s a t u r a t i o n  o f  s t r u c t u r a l  changes 

was n e a r l y  complete. The r e s u l t s  a l s o  showed t h a t  amorph iza t ion  o f  a  c r y s t a l -  

l i n e  phase w i t h i n  t h e  two p a r t i a l l y  d e v i t r i f i e d  g lasses  d i d  n o t  s i g n i f i c a n t l y  

a f f e c t  t he  leach ra tes .  

I n  t h e  s tudy  by B i b l e r  and K e l l e y  (1978) d iscussed i n  Sec t i on  6.*2.1.1, 

t h e  a c t i n i d e  l e a c h a b i l i t i e s  o f  t h e  two 2 4 4 ~ m -  and 244~u-doped b o r o s i l i c a t e  

g lasses c o n t a i n i n g  s imu la ted  r a d i o a c t i v e  waste were determined by leach  t e s t -  

i n g  i n  s t i r r e d ,  d i s t i l l e d  water  a t  25.O~ ( t h e  leach  wate r  was changed d a i l y ) .  

The l e a c h a b i l i t i e s  were c a l c u l a t e d  based on t h e  measured a lpha a c t i v i t y  i n  t he  

water. The c a l c u l a t e d  l e a c h a b i l i t i e s  d i d  n o t  s i g n i f i c a n t l y  change w i t h  dose. 

The maximum dose a t t a i n e d  was 1.1 x  1018 a lpha decayslcm3 i n  t h e  244~m-doped 

q lass  and 4.4 x  1017 a lpha deca.yslcm3 i n  t h e  238~u-doped g lass.  The leach- - - 
a b i l i t y  o f  t h e  2 3 8 ~ u  (-4.0 x  g/m2 d)  i n  t h e  g l a s s  was c o n s i s t e n t l y  

h i ghe r  than  f o r  t h e  2 4 4 ~ m  (-0.5 x  g/h2 . d) .  T h i s  suggests t h a t  e i t h e r  

t h e  2 4 4 ~ m  i s  more s t r o n g l y  bound i n  t h e  m a t r i x  than  i s  t h e  2 3 8 ~ u ,  o r  t h e  so lu-  

b i l l t y  o f  2 4 4 ~ m  i s  l e s s  than  t h e  s o l u b i l i t y  o f  2 3 8 ~ u  i s  i n  t h e  s o l u t i o n .  These 

r e s u l t s ,  however, p r o v i d e  da ta  o n j y  on a c t i n i d e  leachab i  1  i t y  ( o r  s o l u b i  1  i t y )  

and, as d iscussed above, a re  n o t  e a s i l y  e x t r a p o l a t e d  t o  t h e  a c t u a l  leach r a t e  

( o r  change i n  leach  r i t e )  o f  t h e  g l a s s  waste f o rm  be ing  tes ted .  
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FIGURE 6.8. L e a c h a b i l i t y  i n  2 4 4 ~ m - ~ o p e d  PNL 77-260 HLW 
Glass (Weber e t  a l .  1979) 

Severa l  s t u d i e s  o f  changes i n  leach  r a t e s  of act in ide-doped waste g lasses 

have beerl c a r r i e d  o u t  abroad. Bonniaud, Jacquet -Franc i l l on ,  and Somb'ret (1980) 

measured t h e  change i n  leach  r a t e  f o r  a  244~m-doped glass, a  241~m-doped 

g lass ,  and a  238~u-doped g l a s s  by s t a t i c  leach  t e s t  w i t h  t a p  water.  The leach 

r a t e s  were c a l c u l a t e d  f r om t h e  a c t i n i d e  a c t i v i t y  o f  t h e  leachant ;  consequent ly 

( a s  p r e v i o u s l y  d iscussed) ,  t h e y  a re  t h e  l e a c h a b i l l t i e s  ( o r  s o l u b i l i t i e s )  o f  

o n l y  t h e  i n d i v i d u a l  a c t i n i d e s  and may n o t  p r o v i d e  i n f o r m a t i o n  on t h e  a c t u a l  

leach  r a t e  changes o f  t h e  g lass .  The da ta  show l i t t l e  change i n  a c t i n i d e  

l e a c h a b i l i t y  as a f u n c t i o n  of i n c r e a s i n g  dose. S c h e f f l e r  and Riege (1977) 

a l s o  measured leach  r a t e  changes i n  a 242~rn-doped b o r o s i l i c d t e  g l a s s  by 

s t a t i c  l each  t e s t s  a t  2 3 ' ~ .  They observed no s i g n i f i c a n t  changes i n  leach 
3 r a t e  w i i h  i n c r e a s i n g  dose up t o  a  dose of -4 x 1018 a lpha decayslcm . 



B o u l t  e t  a l .  (1979) measured t h e  change i n  leach  r a t e  o f  UK g l a s s  189 

doped w i t h  5  w t %  2 3 8 ~ u .  Samples were s to red  a t  2 0 ' ~  between t h e  leach t e s t s .  

The leach ra tes ,  based on weight  loss,  were measured by t h e  Soxh le t  leach  t e s t .  

I n i t i a l  leach r a t e s  were n o t  measured. The leach  r a t e  d i d  inc rease  by about 
3  50% between 1 yea r  (2.4 x  1018 a lpha decayslcm ) and 2 year  (4.7 x  1018 a lpha 

3 decayslcm ) storage. No s i g n i f i c a n t ,  f u r t h e r  increases were observed a f t e r  
3 3-year s to rage  (7.1 x  1018 a lpha decayslcm ) .  . .I 

The most complete work on European g lasses i s  t h e  c o l l a b o r a t i v e  e f f o r t  

r epo r ted  by Malow, Marples, and Sombret (1980) and r e f e r r e d  t o  i n  Sec- 

t i o n  6.2.1.1. I n  t h a t  study, t he  leach  r a t e s  were determined i n i t i a l l y  and 

a f t e r  3.3 x  1018 a lpha decays/cm3 by us ing  t h e  Soxh le t  techn ique  and ca lcu-  

l a t e d  from t h e  weight  loss.  Samples were s t o r e d  a t  5 0 ' ~  and 1 7 0 ' ~  d u r i n g  t he  

s e l f - r a d i a t i o n .  The leach  t e s t  r e s u l t s  a re  g i v e n  i n  Table 6.4. A l l  t h e  

g lasses show an inc rease  i n  leach r a t e .  The changes a re  n o t  cons idered  s i g -  

n i f i c a n t ,  except  f o r  SON 58.30.20.U2; i n  t h i s  g lass,  however, t h e  alumina 

content ,  which improves leach  res is tance ,  was o n l y  one-tenth o f  t h a t  n o r m a l l y  

s p e c i f i e d  f o r  t h i s  g lass.  

TABLE 6.4. Leach Rates Based on Weight Loss and Measured by t h e  
Soxh le t  Technique f o r 'Eu ropean  HLW Glasses Doped w i t h  
2.5 w t$  2 3 0 ~ ~  (adapted f r om Malow, Marp les and 
Sombret 1980) 

I n i t i a l  F i n a l ( a )  
Storage Leach Rate, Leach Rate, 

Glass Temp., " c g/m2 d d m 2  d  

UK 189 50 13.3 19.1 

UK 189 170 10.9 17.9 

SON 58.30.20.U2 50 22.6 69.0 

SON 58.30.20.U2 170 21.9 . 35.6 

( a )  F i n a l  leach  r a t e  measured a f t e r  a  cumula t i ve  dose o f  - 
3.3 x 1018 a lpha decayslcm3. 



Most da ta  on the  change i n  leach r a t e  i n  act inide-doped HLW glasses have 

been measured us ing  t h e  Soxhlet  technique and ca l cu la ted  based on weight loss .  

I n  general,  t h i s  has occurred because t h e  Soxhlet technique g ives f a i r l y  repro-  
( 

d u c i b l e  r e s u l t s ,  t h e  c a l c u l a t i o n s  based on weight l oss  g i v e  a b e t t e r  i n d i c a t i o n  

of a c t u a l  leach r a t e s  than c a l c u l a t i o n s  based on a s i n g l e  species i n  so lu t i on ,  

and o n l y  changes i n  1 each r a t e s  were o f  i n t e r e s t  and not  absolute values. A l l  

t h e  da ta  ob ta ined by the  Soxhlet technique on HLW glasses and discussed above 

are surrmarized i n  Table 6.5. This  p robab ly  represents the  best  cu r ren t  s ta te -  

o f  - t h e - a r t  understanding o f  changes I n  1 each r a t e  due t o  r a d i a t  ion- induced 

changes i n  t he  chemical d u r a b i l i t y  o f  HLW glasses. (Th is  i s  t o  be d i s t i n -  

guished f rom rad ia t i on - i nduced  changes induced by r a d i o l y s i s  o f  t he  leachant 

d iscussed below.) The maximum change i n  'leach r a t e  i s  205% ( f a c t o r  o f  3 ) ,  but  

i n  general,  the  increase i n  leach r a t e  i s  l ess  than 100% ( f a c t o r  o f  2), and i n  

some ins tances (PNL 77-260) small decreases i n  t he  leach r a t e  are measured. 

TABLE 6.5. Sumnary o f  Leach Rate Changes i n  HLW Glasses Obtained 
by t h e  Soxhlet  Technique and Based on Weight Loss 

Leach R a t e  
S i m u l a t e d  St.nragt Maximum Dose. Change - a t  
HLW G lass  Temp., C a l p h a  decays/cm3 Maximum Dose, I 

PNL 77-2613 
( v  il;r e o ~ s )  

PNL 77-260 
(700°C, 1 wk) 

PNL 77-260 
(6OCIh r )  

PNL 72-68-a 

UK 189 

I IK 7139 

UK 209 

SON 58.30.20.U2 

SON 58.30.20.UZ 

VG 9813 

Ket  erence 

Weber e t  a l .  1979 

Weber- e t  a l .  1979 

Weber e t  d l .  1979 

R n h ~ r t s  1,9813 

B o u l t  e t  a l .  1979 

B o u l t  e t  a l .  1979 

Malow e l  d l .  l98O 

Malow e t  a l .  1980 

Malow e t  a l .  1980 

Malow e t  a l .  1Y8U 

Malow e t  a l .  1980 

Malow e t  a l .  1980 

Malow e t  a l .  1980 

Malow e t  a l .  1Y8U 

( a )  S t o r e d  a t  50-C f o r  1 y r  (2 .4  x 1018 a l p h a  decays/cm3 . I ( b )  S t o r e d  a t  1 7 0 ' ~  f o r  1 y r  (2.4 x 1018 a l p h a  decays lcm ) .  



6.2.2.2 Neutron I r r a d i a t i o n  Data . 
... 

There have been no neu t ron  i r r a d i a t i o n  exper iments  repo r ted  t o  da te  on 

HLW glasses which measured i r r a d i a t i o n - i n d u c e d  changes i n  leach  r a t e .  However, 

Rauscher and T i  scher (1964) r epo r ted  inc reased  s o l u b i  1  i ty  o f  some commercial 

b o r o s i l i c a t e  g lasses a f t e r  neu t ron  i r r a d i a t i o n .  The s o l u b i l i t i e s  inc reased  by 
2  no more than  a  f a c t o r  o f  t h r e e  a f t e r  f luences o f  1.4 x 10'' n lcm . 

Charged-Par t ic le  I r r a d i a t i o n  Da ta  

Dran e t  a l .  (1980) have i r r a d i a t e d  a  s imp le  b o r o s i l i c a t e  g l a s s  (64  w t %  

Si02, 12 wt% B203, and 24 w t %  Na20) and seve ra l  s imu la ted  European HLW 

glasses w i t h  low-energy (-1 KeVIamu) lead  i ons  i n  an e f f o r t  t o  q u i c k l y  eva lua te  

t h e  e f f e c t  o f e i r r a d i a t i o n  on  leach r a t e .  T h e i r  premise i s  t h a t  t h e  low-energy 

lead i ons  s imu la te  t h e  r e c o i l  n u c l e i  generated by  a lpha decay. Po l i shed  sec- 

t i o n s  o f  t h e  m a t e r i a l  t o  be i r r a d i a t e d  a re  covered w i t h  an e l e c t r o n  microscope 

g r i d  and then  exposed t o  t h e  beam o f  l ead  ions .  The r e s u l t  i s  a  p e r i o d i c  suc- 

cess ion  o f  i r r a d i a t e d  and u n i r r a d i a t e d  areas. The i r r a d i a t e d  areas extend t o  

a  depth o f  -50 nm (500 a ) .  The i r r a d i a t e d  specimens a re  then leached i n  a  

NaCl s o l u t i o n  (250 g l l )  a t  1 0 0 ~ ~ .  The change i n  leach  r a t e  due t o  i r r a d i a t i o n  

i s  i n f e r r e d  f rom t h e  d i f f e r e n c e  o f  depth between t h e  i r r a d i a t e d  and u n i r r a d i -  

a ted  areas w i t h  a ,  diamond s t y l u s  dev i ce  (accuracy  r e p o r t e d  t o  be -10 a ) .  T h e i r  

r e s u l t s  suggest i r rad ia t ion-enhanced changes i n  leach  r a t e s  on t h e  o r d e r  o f  

f a c t o r s  o f  25 t o  500. Such increases i n  l each  r a t e  a re  i n  sharp c o n t r a s t  t o  

t h e  r e s u l t s  f r om a c t i n i d e  decay ( S e c t i o n  6..2.2.1); however, t h e  techn ique  

employed i s  open t o  ques t i on  as t o  i t s  a b i l i t y  t o  p r e d i c t  a c t u a l  changes i n  

bu l k  leach-rate behav io r  as a  r e s u l t  o f  a lpha  decay. Th i s  i s  c u r r e n t l y  t h e  

sub jec t  o f  much debate, and ques t ions  concern ing su r f ace  damage versus b u l k  

damage and such e f f e c t s  as i r r a d i a t i o n  t e x t u r i n g  o f  t h e  sur face,  t h e  sma l l  

damage depth, t h e  r o l e  o f  a lpha p a r t i c l e s  (wh ich  a re  n o t  p resen t  i n  t h e  

l e a d - i r r a d i a t i o n  s tud ies ) ,  d i f f e r e n t  leachants ,  dose ra te ,  e t c .  w i l l  need t o  

be answered by more fundamental s t u d i e s  b e f o r e  da ta  f r om such s t u d i e s  o f  i o n  

i r r a d i a t i o n  can be a p p l i e d  t o  t h e  e v a l u a t i o n  o f  nuc lea r  waste forms. 

A r a k i  (1981) has r e p o r t e d  i r r a d i a t i o n  s t u d i e s  o f  severa l  Japanese simu- 

l a t e d  HLW glasses u s i n g  2-MeV e l e c t r o n s  f r o n  a  Cockcrof t -Wal ton t y p e  acce le r -  

a t o r  t o  simu1at.e beta-gamma damage. The i r r a d i a t i o n s  were c a r r i e d  ou t  t o  



- l o l o  rad, and no measurable changes i n  leach r a t e s  were observed. Bonniaud 

(1977) a l s o  performed e l e c t r o n  i r r a d i a t i o n s  on a number of HLW glasses us ing  

3 MeV e l e c t r o n s  a t  doses as h i g h  as 1.2 x lo1' rad. No changes were observed 

i n  t h e  cesium o r  s t r o n t i u m  leach ra tes .  

6.2.2.4 Gamma 1 r rad ia t i o .n  Data 

Grover (1973) i r r a d i a t e d  b o r o s i l i c a t e  and phosphate glasses i n  t he  Gamma 

I r r a d i a t i o n  F a c i l i t y  a t  Mol t o  a dose o f  -1 x 10'' r a d  over t h e  temperature 

range from 350 t o  8 0 0 ~ ~ .  For  t he  bo ros i  1 i c a t e  g lass  the re  was a s l i g h t  

inc rease i n  t h e  leach r a t e  (based on cesium and s t ron t i um i n  s o l u t i o n )  between 

600 and 6 5 0 ' ~ .  There i s  a much l a r g e r  increase i n  t he  leach r a t e  (about a 

f a c t o r  o f  10)  o f  t h e  phosphate g lass  a t  temperatures above 5 5 0 ' ~ .  I n  another 

study, K e l l e y  (1975) i r r a d i a t e d  two b o r o s i l i c a t e  waste glasses w i t h  gamma 

r a d i a t i o n  f rom a 6 0 ~ o  source t o  lo1' r a d  a t  - 6 5 ' ~ .  No changes i n  leach- 

a b i l i t i e s  were observed. Mendel e t  a l .  (1977) a l so  repo r ted  no s i g n i f i c a n t  

changes i n  t h e  leach r a t e s  of f u l l - l e v e l  b o r o s i l i c a t e  waste glasses a f t e r  

doses o f  1 t o  4.6 x 1011 rad. 

I n  a d i f f e r e n t  t ype  o f  study, McVay and Pederson (1981) and McVay e t  a l .  

(1980) repo r ted  s i g n i f i c a n t  increases i n  t h e  leach r a t e  o f  PNL 76-68 i n  t h e  
6 presence o f  6 0 ~ o  gamma r a d i a t i o n  a t  a dose r a t e  of 2.4 x 10 R/hr.  Some 

of t h e  increased leach ing  was due t o  t h e  genera t ion  o f  n i t r i c  a c i d  f rom a i r  

r a d i o l y s i s  i n  t h e  leach vessel. N i t r i c  a c i d  appeared t o  p r e f e r e n t i a l l y  a t tack  

z i n c  and lanthanides,  both o f  which normal ly  b u i l d  up on the  sur face o f  t he  

q lass  when leached i n  nonac id ic  so lu t i ons .  Increased r a t e s  were a,so observed 

f o r  samples i r r a d i a t e d  w h i l e  leaching, b u t  w i t h  a i r  excluded t o  e l i m i n a t e  

n i t r i c  a c i d  format ion,  which i n d i c a t e d  t h a t  water r a d i o l y s i s  products may a l so  

be important .  Samples i r r a d i a t e d  w i t h  gamma r a d i a t i o n  p r i o r  t o  leach ing  

showed d i s s o l u t i o n  r a t e s  i n d i s t i n g u i s h a b l e  from those of u n i r r a d i a t e d  speci- 

mens. These r e s u l t s  may e x p l a i n  t h e  f a c t o r  o f  -2 h igher  leach r a t e s  observed 
3 by Mendel (1973) i n  waste glasses con ta in ing  up t o  90 C i lcm o f  f i s s i o n '  

products than i n  nonrad ioac t ive  waste glasses o f  s i m i l a r  composit ion. 



6.2.2.5 Transmutation Simulation Data 

Data are not currently available on leach rate changes in the only trans- 

mutation simulation experiment currently under way (Chick et al. 1980; Weber, 

Wald and Gray 1980). 

6.2.3 Stored Energy Changes 

Stored energy is the latent energy stored in a glass matrix (or crystal 

lattice) by radiation, generally through the displacement of atoms. The stored 

energy is released as heat when the irradiated material is thermally annealed. 

Although stored energy is now generally believed to be unimportant in solid 

nuclear waste forms, an understanding of the amount of energy involved and of 

the annealing behavior is, however, useful for evaluation of the potential 

hazards. If 'the quantity of stored enerpy is large and the release rate high, 

an uncontrolled release could produce sudden excessively high waste-form 

temperatures. Such high temperatures could' affect the physical and chemical 

properties of the waste forms and the .integrity of the waste-form canister. 

6.2.3.1 Actinide Doping Data 

Radiation-induced changes in stored energy have been studied for several 

different waste-glass compositions doped with 244~m at the Pacific ~brthwest 

ilaborato-r.y. (Mqndel et a1 . 1976; Mendel et a1 . 1977: Mendel 1978; Roberts, 

Jenks and Bopp 1976; Roberts, Turcotte and Weber 1981; Ross et al. 1978; 

"~urcotte and Roberts 1977; Weber et al. 1979). The stored energy release was 

measured by differential scanning calorimetry (DSC) on specimens weighing 25 

to 60 mg at a heating rate of 20'~/min, as described in detail by Roberts, 

Jenks, and. Bopp (1976). One of the PNL waste glass composit ions (PNL 72-68) 

has been studied more extensi,vely than any other glass composition in this 

country or abroad. The rates of energy release in PNL 72-68-a as a function 

of temperature and cumulative dose are shown in Figure 6.9 (Roberts, Jenks and 

Bopp 1976). The release occurs over a broad temperature range, and a two- 

stage release mechanism is suggested. The stored energies as a function of 

cumul at ive dose for PNL 72-68-a (1 wt% 244~m) , dnd PNL 72-68-b (8 wt% 244~m) 

are shown in Figure 6.10 (Turcotte and Roberts 1977; Mendel et al. 1977); these 

results 'suggest that dose rate effects (factor' of eight) are not significant. 
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FIGURE 6.9. Stored Energy Release Rates i n  244~m-~oped  PNL 72-68-a 
HLW Glass (adapted f rom Roberts, Jenks and Bopp 1976) 
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FIGURE 6.10. E f f e c t  o f  Dose Rate on Stored Energy i n  244cm-Doped 
PNL 72-68 HLW Glass (adapted f rom Turco t te  and 
Roberts 1977) 



The s to red  energy of PNL 72-68-b as a  f u n c t i o n  of cumulat ive dose (and equiva- 

l e n t  s torage time, assuming commercial HLW) a t  very  h igh  dose l e v e l s  i s  shown 

i n  F igu re  6.11 (Ross e t  a l .  1978; Mendel 1978). The s to red  energy shows a  

maximum a t  a  va lue o f  -120 J lg .  The e f f e c t  o f  s torage temperature on t h e  

bu i l dup  o f  s to red  energy i n  PNL 72-68-a i s  shown i n  F igu re  6.12 f o r  a  cumula- 
3  t i v e  dose o f  1.7 x  1018 a lpha decayslcm (Roberts, Jenks and Bopp 1976). The 

r e s u l t s  show t h a t  s to red  energy i s  i n v e r s e l y  p r o p o r t i o n a l  t o  s torage tempera- 

t u r e  and i s  complete ly  absent i n  PNL 72-68-a when s to red  a t  3 5 0 ~ ~ .  

The s to red  energ ies as a  f u n c t i o n  o f  cumulat ive dose f o r  a l l  t h e  PNL 

waste-glass composit ions s tud ied  t o  da te  a re  shown i n  F igu re  6.13 (Roberts, 

Tu rco t te  and Weber 1981). I n  general, t h e  bu i l dup  o f  s to red  energy f o l l o w s  

exponent ia l  behavior  s i m i l a r  t o  t h e  change i n  d e n s i t y  (Eq. 1 )  and sa tu ra tes  a t  

a  value i n  t h e  range o f  80 t o  130 J l g .  I n  t h e  case o f  PNL 77-260, t h e  v i t r e o u s  

form (da ta  i n  F igu re  6.13) e x h i b i t e d  a  h ighe r  re lease  r a t e  than t h e  two par- 

t i a l l y  d e v i t r i f i e d  forms ( d a t a  no t  shown), b u t  t h i s  i s  a t t r i b u t e d  i n  p a r t  t o  

volume e f f e c t s  and an i n s u f f i c i e n t  temperature t o  anneal a l l  t h e  damage o u t  o f  

FIGURE 6.11. S tored  ,Energy, i,n 2?4cm-~o~ed  PNL 72-68-b HLW Glass 
a t  Very High Doses (adap't'ed f rom Mendel 1978) 
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FIGURE 6.1Zi E f f c ~ t  of Storage Temperature on Stored Energy i n  
PNL 72-68-a HLW Glass (adapted f r om Roberts,  Jenks 
and Bopp 1976) 
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FIGURE 6.13. Stored Energy i n  244c rn -~o~ed  HLW Glasses 
(Rober ts ,  T u r c o t t e  and Weber 1981) 
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t he  c r y s t a l  1  i n e  phases (Weber e t  a1 : 1979) :' The recovery o f  the '  r a d i a t i o n -  

induced s to red  energy i n  t h e  waste glasses of F igu re  6.13 was' i n v e s t i g a t e d  6y 

7-day isochrona l  anneals (Roberts 1980;. Chick e t  a l .  1980). 'The  f r a c t i o n a l '  

recovery o f  these glasses a t  each anneal ing s tep  i s  shown i n  F i g u r e  6.14. The 

r e s u l t s  show a  s i n g l e  cont inuous recovery s tage f o r  a l l  t h e  waste-glass compo- . . 

s i t i o n s  which i s  complete a t  3 6 0 ~ ~ .  

Several  s tud ies  of s to red  energy i n  act inide-doped waste g lasses,  have 

a l so  been c a r r i e d  ou t  abroad. A t  Harwel l ,  H a l l  e t  a i .  (1976) measured s to red  

energy re lease  i n  a  b o r o s i l i c a t e  waste-glass composi t ion doped w i t h  5  w t %  

238~u02.  The stored-energy re lease was measured by d i f f e r e n t i a l  thermal 

ana l ys i s  (DTA) a t  a  cons tan t  heat ing  r a t e  o f  l0C lmin .  The t o t a l  energy re lease 
3 f rom specimens s e l f - i r r a d i a t e d  a t  50.C f o r  1 year  ( 2  x 1018 a lpha decays/cm ) 

was 97 J ig .  The energy re lease f rom specimens s e l f - i r r a d i a t e d  a t  170°c t o  t he  

same dose was 82 J lg .  Th i s  reduc t i on  i n  energy re lease a t  e leva ted  s to rage 

temperatures suppor ts  t h e  da ta  i n  F i g u r e  6.12. A t  t h e  Nuclear Research Center 

i n  Kar ls ruhe ( S c h e f f l e r ,  Riege and H i l d  1976; S c h e f f l e r  and Riege 1977) t h r e e  

0 PNL 72-68 8 

a PNL 77-260 . 

V PNL 76-86 

O PNL E-G 

PNL P-G 

a . . 
0.2 - . . 

V) 

0.0.  CI 
V 

0 200 4 0 0 "  600 
.ANNEALING TEMPERATURE, OC 

FIGURE 6.14. Thermal Recovery o f  Stored Energy i n  244~m-~oped 
. HLW Glasses (Rober ts  1980) 



HLW glasses were doped w i t h  2 4 2 ~ m  and t h e  s to red  energy measured as a f u n c t i o n  

of dose ou t  t o  -6.6 x  1018 alpha decayslcm3. The stored energy f o r  t h e  th ree  
' 

waste g lasses sa tura ted  a t  values rang ing  f rom 264 t o  395 J l g  a f t e r  a dose o f  
3 -3 x 1018 alpha decayslcm . I n  t h e  c o l  l a h o r a t i v e  European Communities 

research  program, Malow, Marples and Sombret (1980) measured t h e  s to red  energy 

o f  f o u r  b o r o s i l i c a t e  glasses doped w i t h  238~u02.  The energy ;elease was mea- 

sured us ing  a DSC on samples weighing -30 mg a t  a constant  heat ing  r a t e  o f  

2Oclmin. The s tored energies ranged f rom values o f  43 t o  78 J / g  a t  a dose o f  
3 3.3 x  1018 alpha decayslcm . 

A l l  t h e  c u r r e n t l y  a v a i l a b l e  da ta  on StoVed energy re lease .in d c t i n i d e  

doped waste glasses are summarized i n  Table 6.6. The r e s u l t s  i n  Table 6.6 

show t h a t  s to red  energy ranges fro111 about 50 t o  400 J lg,  o r  50 t o  125 J / g  i f  

t h e  da ta  o f  S c h e f f l e r  and Riege (1977) a re  excluded. Since the  s p e c i f i c  heat 

o f  t h e  waste glasses i s  u s u a l l y  about 1 J l g  . O C ,  t h e  maximum temperature r i s e  

t h a t  cou ld  occur f rom t h e  sudden re lease o f  t he  s to red energy i s  50 t o  400°c, 

TABLE 6.6. Summary o f  Stored Energy Measurements i n  Ac t i n ide -  
Doped Simulated HLW Glasses 

Stored 
Simulated Storagc Maximum Dose. Energy. 
HLW  lass Tell~y., C alpha decayslcm3 J l g  . . 

Reference 

PNL 72-68-F 73 4.4 x 1018 98 Ruberts e t  a l .  1976 

PNL 72-68-b 23 30.0 x lo1' 121 Ross e t  a l .  1978 

PNL P-G 23 3.6 x 10 18 86 Ross e t  a l .  1978 

PNL €4 23 3.6 x 10'' 125 Ross e t  a l .  1978 

PNL 76-68 23 3.6 x lo1' 83 Ross e t  a l .  1978 ' 

PNL 77-260 23 4.8 x 1018 120 Yeher e t  a l .  1979 
( v i t r e o u s )  

PNL 77-260 23 4.8 x 1018 90 W c b t r e t a l . 1 9 7 9  
(700 '~.  1 wk) 

PnL 77-200 CJ 1.0 r 10IR 96 Yeher e t  a1. 1979 
( 6 ' ~ l h r )  

lK 189 50 2 x 1 0 l 8  97 H a l l  e t  a l .  1976 

UK 189 170 2 x 1018 82 H a l l  e t  a l .  1976 

bas ic  "98" 23 5 ~ 2  M 1 0 ~ 8  264 k h e f  f l  ~r knd R i pet: 
1977 

HLY "98" 23 5.5 x 1018 347 Scheff l e r  and Riege 
1977 

HLW-GD "98" 23 6.1 x 1018 395 Scheff l e r  and Riege 
1977 

UR 189 23 3 .3  w 1018 78 Malow e t  81, 198n 
UK 209 23 3.3 x 1018 73.5 Malow e t  a l .  1980 

SON 68.30.20.U2 75 3.3 x 1018 76 M a l o w e t a l . 1 9 8 0  

VG 9813 23 3.3 x 1018 55 M a l o w e t a l . 1 9 8 0  



or  on l y  50 t o  125Oc i f  data  o f  Sche f f l e r  and ~ i e ~ e  (1977) are excluded: Tem- 

pera ture  excursions o f  t h i s  magnitude should present  no ser ious  problems a f t e r  

several thousand years '  storage, t h e  amount o f  t ime requ i red  t o  reach these 

s tored energy values. 

6.2.3.2 Neutron I r r a d i a t i o n  Data 

Roberts, Jenks and Bopp (1976) measured t h e  s to red energy re lease i n  two 

b o r o s i l i c a t e  waste g lass  composit ions i r r a d i a t e d  a t  - 1 0 0 ~ ~  w i t h  f a s t  neutrons 
2 ( E > l M e V )  t o  t w o d i f f e r e n t  f luence l e v e l s :  1 . 4 5 ~  1 0 * ~ n / c m  a n d 3 . 4 8 ~  

20 2 10 n/cm . The r e s u l t s  i n d i c a t e  t h a t  t h e  s to red  energy has sa tura ted  a t  

these f luences. The s tored energies are  -98 J / g  f o r  one g lass and -88 J / g  f o r  

t he  o ther  g lass  (PNL 72-68). The neutron i r r a d i a t i o n  da ta  f o r  PNL 72-68 

(-88 J /g )  i s  i.n c l o s e  agreement w i t h  t h e  r e s u l t s  shown i n  Table 6.6. 

Antonin i ,  Lanza and Manara (1979) measured s to red  energy i n  a b o r o s i l i -  

ca te  waste g lass doped w i t h  2 3 5 ~  and i r r a d i a t e d  w i t h  f a s t  neutrons t o  induce 

damage by t h e  f i s s i o n i n g  of t h e  2 3 5 ~ .  The s to red  energy was measured w i t h  a 

d i f f e r e n t i  a1 scanning ca lo r ime te r  a t  a cons tant  heat ing  r a t e  o f  1o0c/min on 
3 samples i r r a d i a t e d  t o  doses ranging f rom 1 x 1015 f i ss ions /cm t o  4 x 10 
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f i ss ions lcm3 ( t h e  upper dose i s  repo r ted  t o  correspond t o  9.4 'x l oLo  a lpha 
3 decays/cm ). The maximum s to red  energy observed was -82 J lg ,  which i s  i n  

agreement w i t h  s to red energy values measured i n  o the r  act inide-doped waste 

glasses. 

6.2.3.3 Charged-Part ic le I r r a d i a t i o n  Data 

Anton in i  e t  a1. (1979; 1980) i r r a d i a t e d  two boros i  1 i c a t e  waste glasses 

and Si02 w i t h  46.5 MeV ~ i ~ +  ions t o  -1 dpa ( r e p o r t e d l y  corresponds t o  
3 -2.6 x 1019 alpha decayslcm ) . The maximum ;tored energy f o r  t h e  two 

b o r o s i l i c a t e  glasses was -165 Jlg, whereas i n  t h e  Si02 t h e  maximum s to red  

energy was -210 Jig. These s tored energy values are s l i g h t l y  h ighe r  than 

those observed from a c t i n i d e  decay, perhaps a r e s u l t  o f  t h e  much h igher  

displacement rates.  

6.2.3.4 Gamma I r r a d i a t i o n  Data 

There have been no gamma i r r a d i a t i o n  experiments repor ted  on g lass  waste 

forms t h a t  measured s to red energy.. 
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6.2.3.5 Transmutat ion S imula t ion  Data 

Stored energy i s  n o t  be ing  measured i n  the  o n l y  c u r r e n t l y  repor ted  t rans-  

mu ta t i on  study under way (Chick e t  a l .  1980; Weber, Wald and Gray 1980). 

6.2.4 Other Proper ty  Changes 

The data  a v a i l a b l e  on o the r  p r o p e r t y  changes (besides volume, leach ra te ,  

and s to red  energy) are very  1  i m i  ted. For  instance, no r a d i  a t  ion-induced dev i t -  

r i f  i c a t i o n  ( c r y s t a l  1  i z a t  i on )  has ever been observed i n  HLW glasses; however, 

amorphizat ion o f  c r y s t a l l i n e  phases has been observed i n  p a r t i a l l y  d e v i t r i f i e d  

HLW g lasses  (Weber e t  a l .  1979). Th i s  s e c t i o n  reviews t h e  remaining r a d i a t i o n  

e f fec ts  da ta  a v a i l a b l e  on HLW glasses. These l i m i t e d  da ta  cover mechanical 

s t rength /mic rocrack ing ,  he l ium bu i ldup l re lease,  and s t r u c t u r a l 1  m i c r o s t r u c t u r a l  

changes. 

6.2.4.1 Mechanical S t rength IMic rocrack ing  

Rad ia t i on  can p o t e n t i a l l y  a f f e c t  t h e  mechanical s t reng th  o f  a  waste form 

by producing embr i t t lement  o r  microcracking,  which may lead t o  increased f rac -  

t u r i n g  i n  t h e  event o f  an accident  du r ing  t r a n s p o r t a t i o n  and handl ing. Frac- 

t u r i n g  w i l l  produce f i n e  p a r t i c l e s  t h a t  can be inha led  and a l so  increases sur- 

face area; t h i s  can, i n  tu rn ,  increase t h e  waste fo rm 's  s u s c e p t i b i l i t y  t o  

leaching.  

Weber e t  a l .  (1979) performed i111pac;t t e s t s  on a  v i t reous  and two p a r t i a l l y  

d e v i t r i f i e d  forms o f  244~m-doped PNL 77-260 waste glass. The r e s u l t s  i n d i -  

c a t e  t h a t  t h e  impact performance was n o t  adversely  a f fec ted  by t h e  s e l f -  

r a d i a t i o n ;  however, one o f  t h e  p a r t i a l l y  d e v i t r i f i e d  forms o f  these g lass  

composit ions ( c o n t a i n i n g  l a r g e  c r y s t a l s  from a  slow coo l  a t  6 ° c / h r )  e x h i b i t e d  

ex tens ive  mic rocrack ing  associated w i t h  t h e  amorphizat ion o f  t h e  c r y s t a l l i n e  

d e v i t r i f  i c a t i o n  product  [ ca3~d7(S i04 )  5(P04)02]. NO microcracking was observed 

i n  t h e  o t h e r  p a r t i a l  l y  d e v i t r i f i e d  g lass  ( sma l l e r  c r y s t a l s  f rom anneal a t  700"~ 

f o r  1 week), even though t h e  same phase was present  and a l so  underwent amorphi- 

za t ion .  Th is  same p a r t i a l l y  d e v i t r i f i e d  g lass  did, however, show microcracking 

a f t e r  immersion i n  room temperature water f o r  3 weeks. B i b l e r  and K e l l e y  

(1978) a l so  observed microcrack ing  i n  t h e  act inide-doped HLW glasses they  

studied, b u t  d i d  n o t  perform any mechanical s t reng th  tes ts .  No o the r  i n v e s t i -  

ga tors  have repor ted  mic rocrack ing  i n  i r r a d i a t e d  HLW glasses. 



Bonniaud e t  a l .  (1979; 1980) repor ted  a s l i g h t  decrease i n  t he  microhard- 

ness o f  actinide-doped HLW glasses as a r e s u l t  of r a d i a t i o n  damage, and 

Scheff l e r  and Riege (1977) repor ted  t h a t  t h e  mechanical p r o p e r t i e s  of 242~m_ 
3 doped HLW glasses were s l i g h t l y  a l t e r e d  a f t e r  -5 x 1018 alpha decayslcm . 

6.2.4.2 Helium Bui ldup/Release 

Helium, which r e s u l t s  from t h e  capture o f  two e lec t rons  by t h e  alpha par- 

t i c l e s  emi t ted  i n  alpha decay, must e i t h e r  be accommodated i n t e r s t i t i a l l y ,  o r  

d i f f u s e  t o  i n t e r n a l  vo ids o r  t he  plenum of t he  can is te r .  Helium bu i l dup  i n  

waste forms can p o t e n t i a l l y  produce embri t t lement,  s w e l l i n g  from bubble forma- 

t i o n ,  o r  p r e s s u r i z a t i o n  o f  t he  can is te r .  

Tu rco t te  (1976) made a d e t a i l e d  study of hel ium d i f f u s i o n  i n  244~m-doped 

PNL 72-68. The d i f f u s i o n  o f  hel ium a t  s h o r t  t imes and low f r a c t i o n a l  re lease 

values fo l l owed  Arrhenius behavior; a t  longer  t imes and h igher  f r a c t i o n a l  

re lease values, t he  apparent d i f f u s i o n  c o e f f i c i e n t  i s  decreased by about one 

order  o f  magnitude due t o  t r a p p i n g  e f fec ts  a t  radiat ion- induced defects.  The 

hel ium s o l u b i l i t y  was a l s o  measured and determined t o  be 1.5 x 1016 atoms/cm 3 

a t  4 0 0 ~ ~  and 730 T o r r  he1 ium. Th i s  leads t o  t h e  conc lus ion  t h a t  >99% o f  t h e  

hel ium generated i n  HLW g lass  w i l l  no t  remain i n  so lu t i on ,  b u t  w i l l  d i f f u s e  t o  

in te rna ' l  vo ids o r  pores, o r  t o  t h e  c a n i s t e r  plenum. There was i n s u f f i c i e n t  

experimental  evidence t o  determine whether o r  no t  hel ium bubbles w i l l  fo rm a t  

ambient temperatures. I n  add i t ion ,  hel ium p r e s s u r i z a t i o n  o f  t h e  c a n i s t e r  con- 

t a i n i n g  waste f rom U02 f u e l  reprocessing was shown t o  be n e g l i g i b l e ,  b u t  

c a n i s t e r  p r e s s u r i z a t i o n  may exceed 1 atmosphere i f  t h e  sealed c a n i s t e r s  con- 

t a i n  waste f rom plutonium recyc le  f u e l  reprocessing. 

Malow and Andresen (1979) i n v e s t i g a t e d  hel ium genera t ion  and d i f f u s i o n  i n  

t he  same waste g lass  composit ion as Tu rco t te  (1976); 'but ins tead o f  a c t i n i d e  

doping, u t i l i z e d  t h e  h igh  'OB (n, a) cross sec t i on  by i r r a d i a t i n g  t h e  waste 

g lass  (PNL 72-68) specimens i n  t h e  thermal neutron f l u x  o f  a r e a c t o r  f o r  2 t o  
2 

20 hr .  A t  the  maximum f luence (9.4 x 1018 n/cm ), 1.5' x 1019 he l ium atoms/cm 3 

were produced i n  t h e  glass. The waste g lass  specimens were subsequently' ana- 

lyzed f o r  f r a c t i o n a l  he1 ium re lease a t  var ious  temperatures. Eva1 uat  i o n  o f  

t h e  r e s u l t s  i nd i ca ted  t h a t  a nonideal  d i f f u s i o n  process had occurred t h a t  was 
. .  . 



p r o b a b l y  due t o  t r a p p i n g  of t h e  he l ium a t  i r r a d i a t i o n - i n d u c e d  de fec ts .  The 

apparent  d i f f u s i o n  c o e f f i c i e n t  was found t o  decrease w i t h  dose, i n  agreement 

w i t h  t h e  r e s u l t s  of T u r c o t t e  (1976).  The a c t i v a t i o n  en tha lpy  increased w i t h  

dose and s a t u r a t e d  a t  a  va lue  o f  110 kJ/mole a t  a  dose o f  -0.1 dpa ( e q u i v a l e n t  
3  t o  -2.5 x 1018 a lpha  decayslcm ), which i s  approx imate ly  t h e  dose where 

s a t u r a t i o n  o f  volume changes and s t o r e d  energy a re  observed (see Sec t ions  

6.2.1 and 6.2.3). Scanning e l e c t r o n  microscopy (SEM) revea led  t h e  apparent 

f o rma t i on  o f  he l i um bubbles a t  -75ooC, sugges t ing  another  p o s s i b l e  he l i um 

t r a n s p o r t  mechanism t h a t  c o u l d  de lay  he l i um re lease .  

Malow, Marp les and Sombret (1980) measured he l i um r e l e a s e  i n  t h r e e  boro- 

s i  1  i c a t e  waste g lasses  and a  pho-sphate waste g lass,  a1 1  doped withZ3'Pu and 

s t o r e d  a t  1 7 0 ~ ~ .  Es t ima tes  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  ( a t  170°C) were a l s o  

made f o r  t h e  t h r e e  b o r o s i l i c a t e  waste glasses,. They concluded t h a t  o n l y  a  

sma l l  f r a c t i o n  o f  t h e  he l i um w i l l  be re l eased  f rom a  g l a s s . m o n o l i t h  a t  lower  

tempera tu res  ( n o t i n g  t h a t  most a lpha decay events  w i l l  occur  a f t e r  t h e  g l ass  

has r e t u r n e d  t o  ambient tempera tu re ) .  S i m i l a r  r e s u l t s  were ob ta i ned  by H a l l  

e t  a l .  (1976),  who measured he l i um r e l e a s e  i n  a  238~u-doped b o r o s i l i c a t e  waste 

g l ass .  No he l i um r e l e a s e  was measured i n  a  specimen s t o r e d  a t  ~ O ~ C :  Measur- 

a b l e  he l i um r e l e a s e  was found  i n  a  specimen s t o r e d  a t  1 7 0 ' ~  and a  d i f f u s i d n  

c o e f f i c i e n t  and a c t i v a t i o n  energy measured. Bonniaud, Jacquet-Franci  1  l o n  and' 

Sombret ( 1980) measured he1 ium re l ease  i n  244~m, 241~m and 23B~u-doped waste 

g l asses  and observed h i g h e r  f r a c t i o n a l  r e l ease  i n  t h e  244~m-doped g lass .  No 

e x p l a n a t i o n  f o r  t h i s  o b s e r v a t i o n  o r  es t ima tes  o f  d i f f u s i o n  c o e f f i c i e n t s  and 

a c t i v a t i o n  ene rg ies  were g iven .  S c h e f f l e r  and Riege (1977) a l s o  i n v e s t i g a t e d  

he l i um r e l e a s e  i n  242~m-doped waste g l a s s  slor.;d a t  r . u o ~ ~ ~  t e i i ~ps ra lu r~e  Lo 
3  -4.7 x  1018 a lpha decayslcm , b u t  observed no he l ium re l ease  w i t h i n  t h e  

d e t e c t a b i l i t y  range o f  t h e i r  equipment. 

6.2.4.3 Structural/Microstructural Changes 

Rad ia t ion- induced  ( o r  enhanced) s t r u c t u r a l  changes (such as d e v i t r i f i c a -  

t i o n ,  phase separa t ion ,  l a t t i c e  expansions, c r y s t a l  s t r u c t u r e  changes, and 

c r y s t a l l i n e  t o  amorphous t r ans fo rma t i ons )  and rad ia t i on - i nduced  m i c r o s t r u c t u r a l  

changes (such  as t h e  f o rma t i on  of bubbles, vo ids,  and o t h e r  extended d e f e c t s  

and p o i n t  d e f e c t s )  can a f f ec t  volume, leach  r a t e ,  s t o r e d  energy, mechanical  



strengthlmicrofracturing, and he l i um b u i l d u p l r e l e a s e .  A l though a  fundamental 

understanding o f  these  structural/microstructural e f f ec t s  c o u l d  h e l p  t o  more 

c o n f i d e n t l y  p r e d i c t  t h e  long- term s t a b i l i t y  and chemical  d u r a b i l i t y  o f  HLW 

forms, l i t t l e  i n f o r m a t i o n  i s  p r e s e n t l y  a v a i l a b l e .  

Weber e t  a l .  (1979) i n v e s t i g a t e d  s t r u c t u r a l  changes i n  244~m-doped PNL 

77-260 g lass  by x-ray d i f f r a c t i o n  techniques.  Radiat ion- induced d e v i t r i f i c a -  

t i o n  was n o t  observed. I n  t h e  two p a r t i a l l y  d e v i t r i f i e d  forms o f  t h i s  waste 

g l a s s  composit ion, t h e  c r y s t a l  phase, Ca3Gd7(Si04)5(P04)02 w i t h  an a p a t i t e  

s t r u c t u r e ,  t ransformed f r o m  a  c r y s t a l l i n e  t o  an x-ray amorphous s t a t e  as a  

r e s u l t  o f  concen t ra ted  a lpha  decay i n  t h i s  phase. Accura te  l a t t i c e  parameter 

measurements were n o t  p o s s i b l e  d u r i n g  t h i s  t r ans fo rma t i on .  The amorph iza t ion  

o f  t h i s  c r y s t a l  phase r e s u l t e d  i n  t h e  m ic roc rack ing  (d iscussed  above) observed 

i n  t h e  g l a s s  specimens c o n t a i n i n g  l a r g e  c r y s t a l s  ( s l o w  coo led  a t  6OcIhr) .  The 

o t h e r  major  phase i n  bo th  p a r t i a l l y  d e v i t r i f i e d  glasses, a  Gd- t i t a n a t e ,  was 

repo r ted  t o  be s t a b l e  w i t h  r espec t  t o  r a d i a t i o n  damage. I t  has s i n c e  been . 

observed (unrepor ted  r e s u l t s  o f  W .  J. Weber a t  PNL) t h a t  t h i s  phase i s  uns tab le  

and does become x-ray amorphous a t  h i g h e r  doses than  covered i n  t h e  i n i t i a l  

work. 
8 

238 K e l l e y  and B i b l e r  (1978) observed t h e  fo rmat ion  of b l i s t e r s  i n  Pu- 

doped g lass  a f t e r  exposure t o  t h e  e l e c t r o n  beam o f  a  SEM and p o s t u l a t e d  t h a t  - 
t h i s  e f f e c t  may be due t o  he l i um agglomerat ion by e l e c t r o n  beam heat ing .  D6 

e t  a l .  (1976) implanted 50 keV he l i um i n t o  a s imu la ted  b o r o s i l i c a t e  g l a s s  w i t h  

an a c c e l e r a t o r  and observed bubble f o r m a t i o n  and su r f ace  b l i s t e r i n g  a f t e r  heat-  

i n g  t h e  specimens t o  CUU'C. l hey a l s o  observed t h i s  same behavior '  a t  room -tern- 

pe ra tu re  when t h e  he l i um was imp lan ted  th rough t h e  'OB (n, a )  r e a c t i o n  by 

i r r a d i a t i n g  a  glass-boron f o i l  sandwich i n  a  nuc lea r  r e a c t o r .  As no ted  above, 

Malow and Andresen (1979) observed he l i um bubble f o r m a t i o n  i n  n e u t r o n - i r r a d i -  

a ted  PNL 72-68 a f t e r  h e a t i n g  t o  7 5 0 ' ~ .  

H a l l  e t  a l .  (1976) observed no mic roscop ic  changes i n  a  b o r o s i l i c a t e  

waste g l ass  i r r a d i a t e d  a t , . 300~C w i t h  0.5 MeV e l e c t r o n s  f r om a  Van de G r a a f f  

acce le ra to r ;  however, when t h e  i r r a d i a t i o n s  were c a r r i e d  o u t  i n  a  h igh-vo l tage  

e l e c t r o n  microscope (HVEM), bubbles were observed t o  f o rm  a t  2 0 0 ~ ~  and above. 

The bubbles were p o s t u l a t e d  t o  c o n t a i n  oxygen. 
. . 



6.3 RADIATION DAMAGE I N  CERAMIC WASTE FORMS 

As a l t e r n a t i v e s  t o  g l a s s  waste forms, seve ra l  ceramic waste forms have 

been proposed t h a t  a re  t a i l o r e d  t o  produce s p e c i f i c  c r y s t a l l i n e  phases as hos ts  

f o r  r a d i o a c t i v e  waste p roduc ts .  General  ly, f i s s i o n  p roduc ts  (such as cesium 

and s t r o n t i u m )  a re  c o n f i n e d  t o  one o r  more c r y s t a l  1  i n e  phases, and t h e  a c t i -  

n i d e s  (uranium, neptunium, p lu ton ium,  americium, cur ium) t o  another  s e t  o f  

phases. Three ceramic waste forms have r e c e i v e d  cons ide rab le  a t t e n t i o n :  

Supe rca l c i ne  (McCarthy 1977), SYNROC (Ringwood e t  a1 . 1979), and g lass  

ceramics (DI~ e t  a l .  1976). There has, however, been very  l i t t l e .  r a d i a t i o n  dam- 

age work done t o  d a t e  on t hese  o r  o t h e r  ceramic waste forms. The da ta  t h a t  a re  

a v a i l a b l e  a r e  presented below. 

6.3.1 Superca lc ine  (SPC-2) 

The o n l y  r a d i a t i o n  damage s tudy  t h a t  has been per formed t o  da te  on one 

supe rca l c i ne  f o rmu la t i on ,  SPC-2, was c a r r i e d  o u t  a t  t h e  P a c i f i c  Northwest Lab- 

o r a t o r y  (PNL) and has been summarized by Rusin, Gray and Wald (1979). I n  

t h a t  s tudy  t h e  SPC-2 f o r m u l a t i o n  was doped w i t h  3  w t %  Cm203 ( 2  w t %  2 4 4 ~ m ) .  

X-ray d i f f r a c t i o n ,  s t o r e d  energy, and d e n s i t y  measurements were made i n i t i a l  l y  

and a t  -3-month I n t e r v a l s  ouL Lu a t o t a l  cumu la t i ve  dose o f  -7 x 1018 a lpha 
3 decayslcm . , I n i t i a l  c h a r a c t e r i z a t i o n  of t h i s  supe rca l c i ne  f o r m u l a t i o n  

showed i t  t o  c o n s i s t  o f  t h r e e  major  phases: f l u o r i t e ,  a p a t i t e ,  and a t e t r a g -  

ona l  phase. Subsequent a n a l y s i s  suyyested t h a t  the  eur ium predominan t l y  

en te red  t h e  a p a t i t e  and t e t r a g o n a l  phases. 

X-ray d i f f r a c t i o n  a n a l y s i s  o f  t h e  curium-doped supe rca l c i ne  as a f u n c t i o n  

o f  dose showed a g radua l  t r ans fo rma t i on  of t h e  a p a t i t e  phase f r om a c r y s t a l  l i n e  

t o  amorphous s ta te .  An expansion i n  t h e  u n i t  c e l l  of t h i s  phase was a l s o  

observed w i t h  i n c r e a s i n g  dose. There was a s l i g h t  inc rease  i n  t h e  i n t e n s i t y  

. o f  t h e  r e f l e c t i a n s  assoc ia ted  w i t h  t h e  t e t r a g o n a l  phase, b u t  changes i n  t h e  

t e t r a g o n a l  u n i t  c e l l  were inde te rminab le .  The f l u o r i t e  peak was used as a 

s tandard,  s i nce  t h i s  phase d i d  n o t  appear t o  accept  t h e  cur ium dopant and was 

u n a f f e c t e d  by e x t e r n a l  r a d i a t i o n .  

S to red  energy and d e n s i t y  measurements were a l s o  made as a f u n c t i o n  

o f  dose f o r  t he  curium-doped superca lc ine .  The s t o r e d  energy reached 

a maximum value o f  about 42 J l q  a t  a  dose of -2 x  1018 alpha decayslcm 3 



and then decreased s l i g h t l y  w i t h  f u r t h e r  increases i n  dose. The data  i n d i c a t e  

t h a t  energy re lease i s  no t  complete a t  6 0 0 ~ ~  ( t h e  upper l i m i t  o f  t he  c a l o r i -  

meter used) ; there fore ,  a d d i t i o n a l  energy re lease may 'occur a t  h igher  tempera- 

t u r e s  (>60o0c). The dens i t y  decreased exponent i a1 l y  w i t h  dose f rom -4.185 glcm 3 

3 3 t o  4.120 g/cm a t  7 x 1018 alpha decayslcm (Rusin, Gray and Wald 1979). 

Roberts a t  PNL r e p o r t s  dens i t y  measurements ou t  t o  -26 x 1018 alpha decays/cn 3 

w i t h . l i t t l e  a d d i t i o n a l  change. The d e n s i t y  change as a f u n c t i o n  o f  dose i n  

SPC-2 i s  shown i n  F igu re  6.15. The volume .expansion a t  ' s a t u r a t i o n  (-1.5%) i s  

p a r t i a l l y  a - t t r i b u t e d  t o  the  u n i t  c e l l  expansion observed i n  t he  a p a t i t e  phase. 

NO leach t e s t i n g  o f  t he  244~m-doped supercalc ine fo rmu la t i on  was per- 

formed. Rusin (1980), however, has-suggested t h a t  leach r a t e  changes i n  the  

supercalc ine may be minimal s ince r a d i a t i o n  damage e f f e c t s  are observed f o r  

-i 
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FIGURE 6.15. Densi ty  Changes i n  Ceramic Waste Forms 



t h e  a p a t i t e  phase o n l y  and Weber e t  a l .  (1979) have shown t h a t  amorphizat ion 

o f  a  s i m i l a r  a p a t i t e  phase does no t  s i g n i f i c a n t l y  a f f e c t  leach rates.  

The e f f e c t s  o f  Cs 9 Ba t ransmuta t ion  i n  t h i s  same supercalc ine formula- 

t i o n  (SPC-2), bu t  undoped, and i n  p o l l u c i t e ,  the  cesium host  phase i n  SPC-2, 

a re  c u r r e n t l y  being i n v e s t i g a t e d  by Gray o f  PNL (Chick e t  a l .  1980). I n i t i a l  

r e s u l t s  (Weber, Wald, and Gray 1980) show no s i g n i f i c a n t  changes i n  dens i t y  

o r  leach r a t e .  Th i s  s tudy  i s  cont inu ing ,  and f u t u r e  data should e s t a b l i s h  

whether these t rends  cont inue.  

6 ; 3 , ?  SYNROC 

Ringwood, Oversby and Sinc l a i r  (1980) have argued t h a t  SYNROC i s  s t a b l e  

w i t h  respect  t o  a lpha decay damage, based on an assessment o f  n a t u r a l  mlnera ls  

o f  uranium- and/or thorium-bearing pe rovsk i te  and z i r c o n o l i t e ,  whi.ch are t h e  

a c t i n i d e  hos t  phases o f  SYNROC. As s ta ted  e a r l i e r  i n  t h i s  r e p o r t  (Sec- 

t i o n  6.1.3), such data  can p rov ide  o n l y  q u a l i t a t i v e  r e s u l t s ,  and s ince  

z i rcon01 i t e  i s  observed t o  become metamict, t he  r a t e  o f  metamic t iza t ion  (amor- 

p h i z a t i o n )  o r  any o the r  r a d i a t i o n  damage e f f e c t  may change w i t h  s l i g h t  modi- 

f i c a t i o n s  i n  chemistry.  Therefore, q u a n t i t a t i v e  eva lua t i on  o f  SYNROC as a 

waste fo rm r e q u i r e s  radiation-damage t e s t i n g  o f  ac tua l  o r  s imulated waste 

forms. 

A l i m i t e d  amount o f  acce lera ted  i r r a d i a t i o n  damage t e s t i n g  has been per- 

formed on SYNROC and i t s  c o n s t i t u e n t  phases by Reeve e t  a l .  (1980, 1981) us ing  

f a s t  neutrons. Specimens o f  SYNROC B, SYNROC C, and t h e i r  c o n s t i t u e n t  minera ls  

h o l l a n d i t e ,  pe rovsk i te  and z i r c o n o l i t e  were i r r a d i a t e d  i n  t h e  fast -neutron f l u x  

o f  t h e  HIFAK r e a c t o r  a t  Lucas Heights, f o r  d i f fererrt l eng ths  o f  t ime .  The.  

longest  i r r a d i a t i o n  t o  da te  on the  SYNROC specimens has been 13.4 x  10'' n/cm 2 

( E  > 1 MeV), which r e p o r t e d l y  represents an equ iva len t  SYNROC storage t ime o f  
5  3  1.7 x 1.O years and corresponds t o  0.36 dpa o r  -20.5 x  1018 alpha decayslcm . 

Measurements o f  volume, densi ty ,  open-porosity and l a t t i c e  parameter changes 

were made. The volume expansion o f  SYNROC B  i s  g rea te r  than t h a t  o f  perovski te,  

which i n  t u r n  i s  g rea te r  than t h a t  o f  h o l l a n d i t e .  The r e s u l t s ,  a l so  i l l u s -  

t r a t e d  i n  F igu re  6.15 (neut ron  dose has been converted t o  an equ iva len t  alpha 

decay dose), i n d i c a t e  t h a t  t h e  volume expansion o f  SYNROC B  w i l l  sdtur-.ate a t  

-6.5%. I n i t i a l  da ta  a t  o n l y  a  s i n g l e  dose f o r  z i r c o n o l i t e  and SYNROC C 



suggest that the volume expansion for zirconolite falls between perovskite and 
' 

hollandite and that the volume of SYNROC C may expand slightly more than 

SYNROC B. 

No leach testing has been performed on these irradiated specimens. 

6.3.3 Celsian Glass Ceramic 

A glass ceramic is the ceramic product derived from a homogeneous. glass 

by annealing the glass at the temperature of maximum nucleation rate, followed 

by a high-temperature anneal to yield maximum growth rate. Through proper 

choice of the glass composition, crystalline phases may be tailored into the 

glass-ceramic product that are resistant host phases for the long-lived 

radionucl ides (D6 et al. 1976). The celsian glass ceramic, developed at the 

Hahn-Meitner Institut (Berlin) and named for the predominant crystal 1 ine -. 
phase, is easy to fabricate, is homogeneously crystallized, and contains a 

variety of chemical ly resistant host phases 'for the radionucl ides. Celsian 

glass ceramic as a waste form has been studied for potential radiation effects 

both at PNL (Ross et al. 1979; Weber, Wald and Gray 1980), in cooperation with 

the Hahn Meitner Institut, and as part of a collaborative research program 

within the European Community (Malow, Marples and Sombret 1980). 

R. P. Turcotte and coworkers at PNL and W. Lutze of Hahn-Meitner Institut 

recent lye studied the effects of radiation damage in 244~m-doped cel sian glass 

ceramic.' As shown in Figure 6.15, density was observed to decrease exponen- 
3 

tial ly with dose, saturating at a dose of -3 x 1018 alpha decayslcm (Roberts, 

Turcotte and Weber 1981). Volume expansion at saturation is about 0.5%. 

Stored energy also increased exponentially with dose to a value of -80 Jlg 
3 

(saturation also occurred at -3 x 1018 alpha decayslcm ) X-ray diffraction 

data revealed that a curium-rich, rare-earth titanate phase in this waste form 

underwent a small volume expansion with dose and eventually became amorphous 
3 

at the same saturation dose of -3 x 1018 alpha dekayslcm (equivalent to 

-5 x 1019 alpha decayslcm3 in the rare-earth titanate phase, if all the 

curium concentrated in this phase). No leach testing was performed on this 

material. 

In .the study of Malow, Marples and Sombret (1980), the celsian glass 
. 

ceramic was doped with 2.5 wt% 238~u. The density changed exponentially 



w i t h  dose, as shown i n  F i g u r e  6.15, and t h e  r e s u l t s  suggest s a t u r a t i o n  w i l l  
3  occur  a t  -5 x  1018 a.lpha decayslcm w i t h  a  corresponding volume expansion 

of -0.5%, i n  good agreement w i t h  t h e  r e s u l t s  o f  T u r c o t t e  and coworkers above. • 
The s t o r e d  energy was measured t o  be 43 5  J / g  a f t e r  a  dose o f  -3.3 x  10 

18 

3  a l pha  decayslcm . T h i s  i s  approx imate ly  t h e  va lue  r e p o r t e d  by T u r c o t t e  and 

coworkers, b u t  i t i s  n o t  known whether s a t u r a t i o n  has  occur red  i n  t h i s  mate- 

r i a l .  Changes i n  l each  r a t e s  were measured f o r  specimens s t o r e d  a t  23 and 
3  1 7 0 ' ~  t o  a  cumu la t i ve  dose of -3.3 x  1018 a lpha decayslcm . The l each  

r a t e  decreased by -19% i n  t h e  specimen s t o r e d  a t  2 3 ' ~ ,  w h i l e  t h e  leach  r a t e  

decreased by o n l y  -4% i n  t h e  specimen s t o r e d  a t  170'C. The f r a c t i o n a l  he1 ium 

r e l e a s e  was a l s o  determined t o  be -3% a f t e r  s to rage  a t  1 7 0 ' ~  t o  a  cumula t i ve  
3 dose o f  -3.3 x  1018 a lpha  decayslcm . 

Other  M a t e r i  a1 s  

There have been seve ra l  s t u d i e s  r e p o r t e d  o f  pure  a c t i n i d e  compounds o r  

ac t in ide-doped phases t h a t  c o n t r i b u t e  t o  t h e  understanding o f  r a d i a t i o n  

e f f e c t s  f r o m  a lpha decay i n  nuc lea r  waste s o l i d s .  Much o f  t h i s  work has been 

r e c e n t l y  rev iewed by Weber and T u r c o t t e  (1980).  O f  p a r t i c u l a r  importance i s  

t h e  da ta  on self-damage f r om a lpha decay i n  t h e  a c t i n i d e  d i ox i des :  Pu02 . 

( C h i k a l l a  and T u r c o t t e  1973; Noe and Fuger 1974; Mendelssohn 

e t  a l .  1967), Am02 (Mendelssohn e t  a l .  1967; Hur tgen and Fuger 1977) and CmOE 

(Noe and Fuger 1971; Mosley 1971). A l l  t hese  compounds have t h e  same f d u o r i t e  

s t r u c t u r e  as U02, which i s  a  p o t e n t i a l  c r y s t a l l i n e  phase i n  some ceramic 

f o r m u l a t i o n s  proposed as waste forms. The most accura te  a v a i l a b l e  da ta  f r om 

x-ray d i f f r a c t i o n  s t u d i e s  a re  summarized i n  F i g u r e  6.16. The u n i t . c e l 1  expan- 

s i o n s  a1 1  i nc rease  exponen t i a l  l y  w i t h  dose and a t  s a t u r a t i o n  vary  w i t h  t h e  

i o n i c  r a d i u s  o f  t h e  c o n s t i t u e n t  a c t i n i d e ,  as would be expected. The impor- 

t a n t  p o i n t  i s  t h e  r e l a t i v e  constancy o f  t h e  behav io r  over  severa l  o rde rs  o f  

magnitude i n  t he  dose r a t e s  ( p r o p o r t i o n a l  t o  t h e  h a l f - l i v e s ,  which a re  2 4 0 ~ u  

6580 years;  2 3 9 ~ u  24,400 years;  2 3 8 ~ u  87.7 years;  2 4 1 ~ m  458 years;  and 2 4 4 ~ r n  

18.1 years). No tendency toward amorph iza t ion  i s  r e p o r t e d  f o r  any o f  t h e  a c t i n i d e  

d i ox i des .  

Severa l  s i n g l e - c r y s t a l  and p o l y c r y s t a l l i n e  m a t e r i a l s  have been i r r a d i a t e d  

a t  room temperature w i t h  a lpha  p a r t i c l e s  e m i t t e d  f r om a  t h i c k  2 3 8 ~ u 0 2  source 
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FIGURE 6.16. L a t t i c e  Expansions from Se l f -Rad ia t ion  Damage 
i n  Several A c t i n i d e  Diox ides 

(Emax = 5.5 MeV) t o  s imulate the  a l p h a - p a r t i c l e  f l u x  i n c i d e n t  on t h e  nonact i -  

n ide-conta in ing  phases i n  nuclear  waste s o l i d s  ( ~ e b e r ,  Wald and Gray 1980; 

Weber and Turco t te  1980; Chick e t  a l .  1980). The r e l a t i v e  changes i n  l a t t i c e  

parameters, measured by x - ray  d i f f r a c t i o n  techniques, as a f u n c t i o n  o f  a lpha 

dose are shown i n  F igure 6.17. The observed damage ingrowth f o l l o w s  t h e  same 

exponent ia l  r e l a t i o n s h i p  observed f o r  a lpha decay. The r e s u l t s  i n d i c a t e  t h a t  - 

nonact in ide-conta in ing  phases may undergo s i g n i f i c a n t  l a t t i c e  expansion as a 

r e s u l t  o f  alpha bombardment f rom adjacent a c t i n i d e  host  phases. 

C l  i nard and Hur ley  (1979) summarized s tud ies  o f  general r a d i a t i o n  e f f e c t s  

and t h e i r  p o t e n t i a l  a p p l i c a t i o n  t o  nuclear  waste forms. A t  t h e  long-term dam- 

age l e v e l s  expected f o r  ceramic waste forms ( 1  t o  10 dpa), some m a t e r i a l s  'show 

l i t t l e  e f f e c t  w h i l e  others undergo major  s t r u c t u r a l  changes. They concluded 

t h a t  there are several  major mater ial '  c h a r a c t e r i s t i c s  t h a t  seem t'o enhance 

i r r a d i a t i o n  s t a b i  l i t y :  cubic c r y s t a l  s t ruc tu re ,  h igh  hel ium permeabi 1 i ty ,  
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FIGURE 6.17. L a t t i c e  Expansions f o r  Several Cubic S t ruc tu res  
I r r a d i a t e d  w i t h  Alpha P a r t i c l e s  Emit ted f rom a  
2 3 8 ~ ~ 0 ~  Source (Weber and l u r c o t t e  1980) 

l a r g e  i n t e r n a l  sur face area, h igh  f r a c t u r e  toughness, h igh  i o n i c  bonding char- 

ac ter ,  dense atomic packing, and low p ropens i t y  f o r  absorp t ion  o f  water. 

There are i n e v i t a b l e  con t rad i c t i ons ,  bu t  knowledge o f  these f a c t o r s  should 

he lp  i n  t h e  i d e n t i f y i n g  o f  waste forms having h igh  s t a b i l i t y  c h a r a c t e r i s t i c s .  

Naguib and Ke l  l y  (1975) examined several  c r i t e r i a  t h a t  may be use fu l  i n  

p r e d i c t i n g  i f  a  ceramic m a t e r i a l  w i  9 '1 be sub jec t  t o  I r rad ia t i on - i nduced  alrlur- 

ph iza t i on .  Using a v a i l a b l e  da ta  f o r  energet ic  heavy-ion bombardment o f  72 

nonmeta l l i c  so l ids ,  t hey  deduced bo th  a  temperature-rat io  c r i t e r i o n  and a  

bond-type ( i o n i c i t y )  c r i t e r i o n  t h a t  success fu l l y  p r e d i c t  t h e  occurrence o f  

amorphizat ion o r  c r y s t a l l i z a t i o n .  The temperature-rat io  c r i t e r i o n ,  based on a  

phys i ca l  model i n v o l v i n g  thermal spikes, p r e d i c t s  t h a t  amorph i ia t ion  should 

occur  whenever the  r a t i o ,  c r y s t a l ' l  i z a t i o n  tempera ture lmel t ing  po in t ,  exceeds 

0.3. The bond-type c r i t e r i o n  ,s ta tes  t h a t  amorphizat i o n  should occur whenever 
, . t h e  i o n i c i t y  i s  - t0.47. 



Stored energy ' in  ceramic waste forms may. p o t e n . t i a l l y  reach h ighe r  values 

than observed i n  g lass waste forms. Some i r r a d i a t e d  c r y s t a l l i n e  m a t e r i a l s  -are 

known t o  e x h i b i t  r a t h e r  l a r g e  energy re leases when t h e  r a d i a t i o n  damage i s  . 

thermal l y  annealed. A no tab le  example i s  neu t ron - i r rad ia ted  graph i te ,  which 

undergoes enthalpy changes greater  than 2400 J/g (Woods, Bupp, and. F l e t c h e r  

1956). Neu t ron - i r rad ia ted  r e f r a c t o r y  oxides are more t y p i c a l  o f  t h e  expected 

behavior o f  c r y s t a l l i n e  phases i n  ceramic waste forms. Stored energy values 

f o r  several m a t e r i a l s  are shown i n  Table 6.7. The maximum observed values l i e  

between 100 and 350 J/g. 

Roberts, Jenks and Bopp (1976) measured s to red energy i n  n e u t r o n - i r r a d i  a- 

t ed  simulated PW-4m ca l c ine ,  PW-4m c a l c i n e  on alumina spheres, and a compact 

made by hot-pressing PW-4m ca l c ine  mixed w i t h  quar tz  sand. The compact gave a 

maximum stored energy value o f  134 J/g, w h i l e  t he  c a l c i n e  and c a l c i n e  on 

alumina stored energy values were s u b s t a n t i a l l y  lower a t  60 t o  75 J/g. 

Rad io l ys i s  f rom both gamna and alpha i r r a d i a t i o n  i n  concrete con ta in ing  

simulated Savannah R ive r  P lan t  waste was s tud ied  by B i b l e r  (1978). With gamma 

r a d i o l y s i s ,  hydrogen was t h e  on l y  s i g n i f i c a n t  product .  With alpha r a d i o l y s i s ,  

hydrogen and oxygen were produced. Tingey and F e l i x  (1977) a lso  s tud ied  

r a d i o l y s i s  f rom both gamna and alpha i r r a d i a t i o n ,  b u t  i n  a c a l c i n e  (PW-7-2). 

TABLE 6.7. Stored Energy i n  Several Neu t ron - I r rad i  ated 
Ceramics 

Maximum Observed 
Stored Energy, 

Mater i  a1 J/g Reference 

Si02 (amorphous) 

2'3 
MgO 
Be0 

S t e a t i t e  
(Mg0 - S i  02) 

Cord i e r  1 t e  
(2  Mg0.2 A120305 s ~ o ? )  ... 

Roux e t  a l .  1971 

Roux e t  a l .  1971 

Roux 1969 

Heur and S t o l a r s k i  1966 

Bopp and Towns 1964 

'Bopp and Towns 1964 



They repo r ted  t h a t  gas genera t ion  r a t e s  f o r  both gamma and alpha r a d i o l y s i s  

appeared t o  be about t h e  same; however, t he re  was a c l e a r  d i s t i n c t i o n  i n  t he  

gases generated. The gamma r a d i o l y s i s  y i e l d e d  n e a r l y  100% 02, w h i l e  a wide 

range o f  p roduc ts  were observed f rom alpha r a d i o l y s  i s .  

REFERENCES 

An ton in i ,  M., P. Camagni, F. Lanza, and A. Manara. 1980. "Atomic Disp lace-  
ments and Rad ia t i on  Damage i n  Glasses I n c o r p o r a t i n g  HLW." I n  S c i e n t i f i c  
Basis f o r  N u c l e a r  Waste Management, ., %... Vol. 2. C. J. M. Northrup, Jr., ed., 
pp. 127-133. Plenum Press, New York. 

An ton in i ,  M., F. Lanza, and A. Manara. 1979. "S imu la t ions  o f  Rad ia t i on  Damage 
i n  Glasses." I n  Ceramics i n  Nuclear Waste Management, T. D. C h i k a l l a  and 
J. E. Mendel, ed., pp. 289-293, CONF-790420, NTIS, S p r i n g f i e l d ,  V i r g i n i a .  

Arak i ,  K. 1981. "Methods f o r  Tes t i ng  High-Level Waste Forms i n  Japan." Paper 
presented a t  t h e  T h i r d  IAEA Research Coord ina t ing  Meeting on Eva lua t ion  o f  
S o l i d i f i e d  High-Level Waste Products, February 23-27, 1981, Bhabha Atomic 
Research Center, Trombay, I nd ia .  

B i b l e r ,  N. E. 1978. R a d i o l y t i c  Gas Product ion from Concrete Conta in ing 
Savannah R ive r  P l a n t  Waste. DP-1464. Savannah R ive r  Laboratory,  Aiken, - -  - 

South Caro 1 i na. 

B i b l e r ,  N. E. and J. A. K e l l e y .  1978. E f f e c t  o f  I n t e r n a l  Alpha Rad ia t i on  
on B o r o s i l i c a t e  Glass Conta in ing  Savannah R ive r  P lan t  Waste. DP-1482, 
Savannah R ive r  Laboratory,  Aiken, South Caro l ina.  

-. 
Buisniaud, K. A. 1977. ''La V i t r i f i c a t i o n  en France des So lu t ions  de Prorl~.!it.s 

de F i s s i o n . "  Nucl.  Technol. - 34:449-460. 

Bonniaud, R. A., N. R. Jacquet -Franc i l lon ,  F. L. Laude, and C. G. ~ o m b r e t .  
1979. "Glasses as M a t e r i a l s  Used i n  France f o r  ~anagement o f  Hlgh-Level 
Wastes." I n  Ceramics i n  Nuclear Waste Management, T. D. C h i k a l l a  and 
J. E. Mendel, ed., pp. 57-61, CONF-790420, NTIS, S p r i n g f i e l d ,  V i r g i n i a .  

Bonniaud, R. A., N. R. Jacquet -Franc i l lon ,  and C. G. Sombret. 1980. $"The 
Behavior o f  A c t i n i d e s  i n  a-Doped Glasses as Regards t o  t h e  Long Term Dis-  
posal  o f  High Level  Rad ioac t ive  Ma te r i a l s . "  I n  S c i e n t i f i c  Basis  f o r  Nuclear  
Waste Management, Vol. 2, C. J. M. Northrup, Jr., ed., pp. 117-125, Plenum 
Press, New York. 

BODD. C. D. and R. L. Towns, 1964. "Thermal Ana lys is  o f  I r r a d i a t e d  Ceramics." . .  . 
I n  Reactor Chemistry ~ i v j s i o n  Annual P rogwss  Report  f o r  Per iod  End.iny 
January 31, 1964. ORNL-3591, Oak Ridge Na t i ona l  Laboratory,  Oak Ridge, - 
Tennessee. 



Boul t ,  K. A., 3. T. Dalton, A. R. Ha l l ,  A. Hough, and J. A. Marples. 1979. 
"The Leaching of Radioact ive Waste Storage Glasses." I n  Ceramics o f  
Nuclear Waste Management, T. D. C h i k a l l a  and J. E. Mendel, ed., pp. 
248-255, CONF-790420, NTIS, Sp r ing f i e ld ,  V i r g i n i a .  

Burns, W. G.  and P. B. Moore, 1976. "Water Rad io lys is  and I t s  Effect Upon 
In-Reactor Z i r c a l o y  Corrosion." Rad ia t ion  E f f e c t s  - 30: 233. 

Chick, L. 'A., G. L. McVay, G. B. Me l l inger ,  and F. P. Roberts. . 1980. Annual 
Report on the  Development and Charac ter iza t ion  o f  S o l i d i f i e d  Forms f o r  
Nuclear Wastes. PNL-3465, P a c i f i c  Northwest Laboratory, Rich1 and, 
Washing ton. 

Ch ika l la ,  T. D. and R. PI Turcot te,  1973. "Se l f -Rad ia t ion  Damage Ingrowth i n  
2 3 8 ~ ~ 0 ~ .  " Rad ia t ion  E f f e c t s  2 :93-98.  

C l inard ,  F. W. and G. F. Hurley. 1979. "E f fec ts  o f  I r r a d i a t i o n  on S t r u c t u r a l  
p rope r t i es  o f  C rys ta l  1 i ne ~ e r a r n i  cs. " I n  Cerami cs i n  Nuclear Waste Manage- 
ment, T. D. C h i k a l l a  and J. E. Mendel, ed., pp. 300-304, CONF-790420, 
NTIS, Sp r ing f i e ld ,  V i r g i n i a .  

06, A. K., B. Luckschei ter ,  W. Lutze, G. Malow and E. Schiewer. 1976. 
"Development o f  Glass Ceramics f o r  t he  Inco rpo ra t i on  o f  F i s s i o n  Products. " 
Ceramic Bul l e t  i n  - 55 (5)  :500-503. 

D6, A. K., B. Luckschei ter ,  W. Lutze, G. Malow, E. Schiewer, and 
S. Tymochowicz. 1976. " F i x a t i o n  of F i s s i o n  Products i n  Glass Ceramics." 
I n  Proceedings o f  Symposium on Management o f  Rad ioac t ive  Wastes f rom t h e  
Nuclear Fuel Cycle, Vol. 2, pp. 63-73, IAEA, Vienna, Aust r ia .  

Draganic, I. V. and Z. D. Draganic. 1971. The Rad ia t i on  Chemistry o f  Water. 
Academic Press, New York. 

Dran, J. C., Y. Langeuin, M. Maurette, and J. C. P e t i t .  1980. "A Microscopic 
Approach f o r  t he  S imula t ion  o f  Rad ioac t ive  Waste Storage i n  Glass." I n  
S c i e n t i f i c , B a s i s  -..-.--..=.-..-.-...- f o r  -.--.---,.-.-.- Nuclear Waste Management, Vol. 2, C, J, M. Northrup, 
Jr., ed., pp. 135-140, Plenum Press, New York. 

Dran, J. C., M. Maurette, and J. C. P e t i t .  1980. "Radioact ive Waste Storage 
Ma te r ia l s :  The a-Recoi 1 Aging. " Science - 209(26) : 1518-1520. 

Dran, J. C., M. Maurette, J. C. P e t i t ,  and B. Vassent. 1980. "Rad ia t ion  
Damage E f f e c t s  on the  Leach Resistance o f  Glasses and Minera ls :  Imp l i ca -  
t i o n s  f o r  Rad ioac t ive  Waste Storage.'' Paper presented a t  t h e  T h i r d  
I n t e r n a t i o n a l  Symposium on the  S c i e n t i f i c  Basis f o r  'Nuclear '  Waste Manage- 
ment, November 16-21, 1980, Boston, Massachusetts. 

Ewing, R. C. 1981. Rad ia t ion  Damage i n  ~ a t u r a l  ~ a t e r i a l s :  I m p l i c a t i o n s  
f o r  Rad ioac t ive  Waste Forms. PNL-SA-9227, P a c i f i c  Northwest Laboratory, 
Richland, Washington. . . 



Ewing, R. C. and R. F. Haaker. 1980. "The Metamict State:  I m p l i c a t i o n s  f o r  
R a d i a t i o n  Damage i n  C r y s t a l  l i n e  Waste Forms." Nuclear and Chemical Waste 
Management - 1:51-57. 

Gilmour, B. A. and W. F. Heenan. 1965. Rad ia t ion  E f fec ts  on Glass: An 
Annotated B ib l iography.  REIC Memorandum 26, Rad ia t ion  E f f e c t s  In fo rma t ion  
Center, B a t t e l l e  Memorial I n s t i t u t e ,  Columbus, Ohio. 

Grover. J. R. 1973. "Glasses f o r  t h e  F i x a t i o n  o f  High Level Rad ioac t ive  
wastes. " I n  Management o f  Rad ioac t ive  Wastes ~ r o m - ~ u e l  Reprocessing, 
pp. 593-612, Organ iza t ion  f o r  Economic Cooperation and Development, Par i s ,  . . 
France. 

Hal 1, A. R., J. T. Dalton, B. Hudson, and A. C: Marples. 1976. "Develop- 
ment and Rad ia t i on  S t a b i l i t y  o f  Glasses f o r  H igh l y  Rad ioac t ive  Wastes." 
I n  Proceedings o f  Symposium on Management o f  Rad ioac t ive  Wastes f rom t h e  
Nuclear  Fuel  Cy*, Vol. 2, pp. 3-13, IAEA, Vienna. 

Heur, P. M. and G. Z. A. S t o l a r s k i .  1966. "Stored Energy i n  Neutron- 
I r r a d i a t e d  B e r y l l i u m  Oxide." J. Nucl. Mater. 2 :70 -78 .  

Hobbs, L. W .  1976. "Po in t  Defec t  S t a b i l i z a t i o n  i n  I o n i c  C rys ta l s  a t  High 
Defec t  Concentrat ions." Journal De Physique - 37(7):3-26. 

Hurtgen, C. and J. Fuger. 1977. " S e l f - I r r a d i a t i o n  E f f e c t s  i n  Americium 
Oxides." Inorg.  Nucl. Chem. L e t t e r s  - 13:179-188. 

I n t e r n a t i o n a l  Standards Organizat ion.  1980. DRAFT Standard Method f o r  Tes t ing  
t h e  I r r a d i a t i o n  S t a b i l i t y  o f  S o l i d i f i e d  Radioact ive Waste. I S O / D I S  6962. 

Jenks, G. H. and C. D. Bopp. 1973. Energy Storage i n  H i  
Waste and S imula t ion  and Measurement o f  Stored Energy 
Wastes. ORNL-TM-3781, Oak Ridge Nat iona l  Laboratory, Oak Ridge, Tennessee. 

Jones, A. R. 1959. "Radiat ion-Induced React ions i n  t h e  N2-02-HzO System." 
Rad ia t i on  Research 10: 655-663. 

Ke l l ey ,  J. A. ,1975. Eva lua t i on  o f  Glass as a M a t r i x  f o r  S o l i d i f l c a t l o n  o f  
Sdvdr~r~dli Rivet- P l a n t  Wastc. DP 1382, Savannah R ive r  Laboratnry, Aiken, 
South Caro 1 i na. 

Malow, G. and H, Andresen. 1979. "Helium Formation f rom a-Decay and I t s  
S i g n i f i c a n c e  f o r  Rad ioac t ive  Waste Glasses." I n  S c i e n t i f i c  Basis f o r  
Nuclear Waste Management, Vol. 1, G. J. McCarthy, ed., pp. 109- l i5 ,  Plenum 
Press, New York. 

Malow, G., 3 .  A. C. Marples, and C. Sombret. 1980. "Thermal and Rad ia t ion  
E f f e c t s  on P roper t i es  o f  High.Leve1 Waste Products." I n  Rad ioac t ive  Waste 
Management and Disposal,  R. Simon and S. Orlowski,  ed., pp. 341-359, 
Harwood Academic Pub1 ishers,  Chur, Swi tzer land.  



M a t e r i a l s  Charac te r i za t i on  Center. 1981. DRAFT Standard Procedure MCC-6 
Method f o r  Tes t i ng  Alpha-Decay E f f e c t s  i n  Rad ioac t ive  Waste Forms. P a c i f i c  
Northwest Laboratory,  R i c h l  and, Washington. 

McCarthy, G. J. 1977. "High-Level Waste Ceramics: M a t e r i a l  Considerat ions,  
process Simul a t  ion, and Product Cha rac te r i za t i on .  " Nucl . Techno1 . 
32:92-105. - 

McVay, G. L. and L. R. Pederson. 1981. " E f f e c t  o f  Gamma Rad ia t i on  on Glass 
Leaching." J. Am. Ceram. Soc. - 64(3/4).  

McVay, G. L.,- W. J. Weber, and L. R. Pederson. 1980. " E f f e c t  o f  Rad ia t i on  
on the  Leaching Behavior o f  Nuclear Waste Forms." PNL-SA-8951, P a c i f i c  
~ o r t h w e s t  Laboratory,  R i c h l  and, Washington. Presented a t  t h e  ORNL Con- 

e .  ference on t h e  L e a c h a b i l i t y  o f  Rad ioac t ive  So l ids ,  December 9-12, 1980, 
G a t l i  nburg, Tennessee. 

Mendel, J. E. 1973. "Measurements on Core -Dr i l l ed  Samples." I n  Q u a r t e r l y  
Progress Report, Research and Development A c t i v i t i e s ,  Waste F i x a t i o n  
Program, 'Apr i l  through June 1973. BNWL-1761, pp. i6-18, P a c i f i c  Nor th-  
west Laboratory,  R i  ch l  and, Washington. 

Mendel, J. 'E. 1978. The Storage and Disposal  o f  Rad ioac t ive  Waste as Glass 
i n  Canis ters.  PNL-2764, P a c i f i c  Northwest Laboratory,  Richland, Washington. 

Mendel, J. E. e t  a l .  1976. "Thermal Rad ia t i on  E f f e c t s  on B o r o s i l i c a t e  
Waste Glasses." I n  Proceedings o f  Symposium on Management o f  Rad ioac t ive  
Wastes f rom t h e  Nuclear Fuel Cycle, Vol. 2, pp. 49-60, IAEA, Vienna, 
Aus t r i a .  

Mendel, J. E. e t  a l .  1977. Annual Report  on t h e  C h a r a c t e r i s t i c s  o f  High- 
Level Waste Glasses. BNWL-2252, P a c i f i c  Northwest Laboratory,  Richland, 
Washington. 

Mendelssohn, K., E. King, J. A. Lee, M. H. Rand, C. S. G r i f f i n ,  and 
R. S. S t ree t .  1967. "Self  I r r a d i a t i o n  Damage i n  Transuranic  Elements 
and Compounds." I n  Plutonium 1965, A. E. Kay and M. B. Waldron, ed., 
pp. 189-204, Chapman and Ha l l ,  London. 

Mosley, W. C. 1971. "Se l f -Rad ia t ion  Damage i n  Curium-244 Oxide and Alumi- 
' nate." J. Amer. Ceram. Soc. - 54.(10):475-479. 

Naguib, H. M. and R. Ke l l ey .  1975. " C r i t e r i a  f o r  ~ombardment-~nduced St ruc-  
t u r a l  Changes i n  Non-Metal l i c  Sol ids."  Rad. E f f e c t s  - 25:l-12. 

Noe, M.. and- J. Fuger. 1971. "Se l f  -Radi a t  i o n  E f f e c t s  on t h e  L a t t i c e  parameter 
o f  2 4 4 ~ m 0 ~ .  'I Inorg .  Nucl . dhem; L e t t e r s  '7:421-430. - 

Noe, M. and J. Fuger. 1974. "Se l f -Rad ia t ion  E f f e c t s  on t h e  L a t t i c e  Parameter 
of 238puo2." Inorg .  Nucl. Chem. L e t t e r s  g : 7 - 1 9 .  



Primak, W. 1977. "Notes on Rad ia t i on  E f f e c t s  i n  Glasses P e r t i n e n t  t o  S o l i d  
Storage o f  Rad ioac t ive  Wastes." I n  Ceramic and Glass Rad ioac t ive  Waste 
Forms, pp. 157-173, USERDA CONF-770102, NTIS, S p r i n g f i e l d ,  V i r g i n i a .  

Rauscher, H. E. and R. E. T ischer .  1964. The E f f e c t  o f  the  1 ° ~ ( n , a ) 7 ~ i  
React ions o f  t h e  So lub i  1 i t y  o f  Boros i  l i c a t e  Glasses. ,Report L-241,Corning 
Glass Works, Corning, New York. 

Reeve, K. D., D. M. Levins, E. J. Ramm, J. L. Woolfrey, W. J. Buykx, 
R. K. Ryan, and J. F. Chapman. 1981. "The Development and Test ing  o f  
SYNROC f o r  High-Level Rad ioac t ive  Waste F i xa t i on . "  Paper presented a t  
Waste Management '81, February 23-26, 1981, Tucson, Arizona. 

Reeve, K. D., D. M. Levins, and J. L. Woolfrey. 1981. "Proper t ies  o f  Waste 
Forms i n  t h e  AAEC Research Establ ishment I s  SYNROC K and D Program." Paper 
presented a t  T h i r d  Meeting o f  the  IAEA Coordi r~dled ~ e s e d r c h  Program on 
Eva lua t i on  o f  S o l i d i f i e d  High Level Waste Forras, February 23-27, 1981, 
Trombay, Ind ia .  

Reeve, K. D. and J. 1. Woo'lfrey. 1980. "Acceler.aLed 1r.i 'adiation Tes t ing  o f  
SYNROC Using Fast ,Neutrons.  I. F i r s t  Resul ts  on Barium Ho l l and i te ,  
Perovsk i te  and Undoped SYNROC B." J. Aust. Ceram. Soc. - 16:lO-15. 

R i l e y ,  W. C., W. G. Coppins, and W. H. Duckworth. 1958. The E f f e c t  o f  Nuclear 
Rad ia t i on  on Glass. AD-207701, Rad ia t ion  E f f e c t s  In fo rma t ion  Center Tech- 
n i c a l  Memorandum No. 9, B a t t e l l e  Memorial I n s t i t u t e ,  Columbus, Ohio. 

Hingwood, A. E., S .  E. Kesson, N. G. Narc, W. 0, Hibberson, and A. Ma jo r .  
1979. "The SYNROC Process: A Geochemical Approach t o  Nuclear Waste 
Immobi li zat ion . "  Geochemical Journal (Japan) - 13:141-165. 

Rinqwood, A. E., V. M. Oversby, and W. S i n c l a i r .  1980. "The E f f e c t s  o f  Radia- 
t i o n  Damage on SYNROC." 1 n - s c i e n t i f i c  Basis f o r  Nuclear Waste Management, 
Vol. 2, C. J. M. Northrup, Jr-:, ed., pp. 273-280, Plenurr~ Press, New York. 

Roberts, F. P. 1980. " I r . rLad ia t isn  E f f e c t s  on B o r o s i l i c a t e  Glasses." Paper 
presented a t  t h e  10th' ASTM I n t e r n a t i o n a l  Symposium on E f f e c t s  o f  Rad ia t ion  
on Ma te r ia l s ,  June 3-5, 1980, Savannah, Georgia. 

Roberts, F. P., R. P. Tu rco t te  and W. J. Weber. 1981. M a t e r i a l s  Charac- 
t e r i z a t i o n  Center Workshop on the  I r r a d i  a t  i on  Ef fec. ts  i n  Nuclear Waste 
Forms, S u m x m  y Report. PNL-3588, P a c i f i c  Northwest Laboratory, Richland, 
Washing ton. 

~ o b e r t s ,  F. P., G. H. Jenks, and C. D. Bopp. 1976. Rad ia t i on  E f f e c t s  i n  
S o l i d i f i e d  High-Level Wastes - P a r t  I, Stored Enerqy. BNWL-1944, P a c i f i c  
Northwest Laboratory, Rishland, Washington. 



Ross, W. A. e t  a l .  1978. 'Annual Report on the  Charac te r i za t i on  o f  High- 
Level Waste Glasses. PNL-2625, P a c i f i c  Northwest Laboratory,  Richland, 
Washington. 

Ross, W .  A. and J. E. Mendel. 1979. Annual Report on the  Development and 
Charac te r i za t i on  o f  S o l i d i f i e d  Forms f o r  High-Level Wastes: 1978. 
PNL-3060, P a c i f i c  Northwest Laboratory,  Richland, Washington. 

Ross, W. A., R. P. Turco t te ,  J. E. Mendel, and J. M. Rusin. 1979. "A Com- 
par ison  o f  Glass and C r y s t a l l i n e  Waste Mater ia ls . "  I n  Ceramics i n  Nuclear 
Waste Management, T. D. C h i k a l l a  and J. E..Mendel, ed., pp. 52-56, 
CONF-790420, NTIS, S p r i n g f i e l d ,  V i r g i n i a .  I 

Roux, A. 1969. "Energie Emmagasinee dans l e s  Oxydes BeO, MgO, Al2O3, e t  
Si02 I r r a d i e s  aux Neutrons." Thesis, U n i v e r s i t y  o f  Lyon, Report  No. 
CEA-N-4171. 

i 

Roux, A., J. E ls ton ,  P. Gerard, and J. Cheipps. 1971. "Etude Comparative de 
1 'energ ie  Wigner de BeO, MgO, A1203 e t  Si02 Vitreous." Comp. Rend., 
Vol. 272, Ser ies C, pp. 812-815. 

Rusin, J. M. 1980. A Review o f  High-Level Waste Form Proper t ies .  PNL-3035,. 
P a c i f i c  Northwest Laboratory,  Richland, Washington. 

Rusin, J. M., W. J. Gray, and J. W. Wald. 1979. M u l t i b a r r i e r  Waste Forms 
P a r t  I I: Charac te r i za t i on  and Eva1 uat ions.  PNL-2668-2, P a c i f i c  Northwest 
Laboratory,  Richland, Washington. 

Sche f f l e r ,  K., U. Riege, and W. H i l d .  1976. Energiespeicherung i n  B o r o s i l i -  
k a t g l  assern. KfK 2333, Kern f  orschungszentrum, K a r l  sruhe, Germany. 

Sche f f l e r ,  K. and U. Riege. 1977. I n v e s t i g a t i o n s  on t h e  Long-Term Rad ia t i on  
S t a b i l i t y  o f  B o r o s i l i c a t e  Glasses Against  Alpha Emi t te rs .  KfK 2422, 
Kernforschungszentrum, Karlsruhe, Germany. 

Shelby, J. E. 1980. "Effect o f  r a d i a t i o n  on t h e  phys i ca l  p r o p e r t i e s  o f  boro- 
s i l i c a t e  glasses." J. Appl . Phys. 3:2561-2565. 

Tingey, G. L. and W. D. F e l i x .  1977. R a d i o l y t i c  Gas Generat ion f rom Cal- 
c ined Nuclear Waste. BNWL-2381, P a c i f i c  Northwest Laboratory,  Richland, 
Washington. 

Turcot te,  R. P. 1976. Rad ia t i on  E f f e c t s  i n  S o l i d i f i e d  High-Level Wastes. 
P a r t  2 - Helium Behavior. BNWL-2051, P a c i f i c  Northwest Laboratory,  
Richland, Washington. 

Turco t te ,  R. P. and F. P. Roberts. 1977. "Phase Behavior and Rad ia t i on  
~ f f e c t s  i n  High Level Waste Glass." I n  Ceramic and Glass Rad ioac t ive  Waste 
Forms, D. W. Readey and C. R. Cooley, ed., pp. 65-81, CONF-770102, NTIS, - 
S p r ~ n g f i e l d ,  V i r g i n i a .  



Weber, W. J. 1981. " Ingrowth o f  L a t t i c e  Defects i n  Alpha I r r a d i a t e d  U02 
S i n g l e  Crys ta ls . "  J. Nucl. Mater. 98 ( i n  p repa ra t i on ) .  

Weber, W. J., R. P. Turco t te ,  L. R. Bunnel l ,  F. P. Roberts, and J. H. Westsik, J r .  
1979. "Rad ia t ion  E f f e c t s  i n  Vi t reous and D e v i t r i f i e d  Simulated Waste Glass." 
I n  Ceramics i n  Nuclear Waste Management, T. D. C h i k a l l a  and J. E. Mendel, ed., 
pp. 294-299, CONF-790420, NTIS, S p r i n g f i e l d ,  V i r g i n i a .  

webe;, W. J. and R. P. Turco t te .  1980. "Radiat ion Damage i n  Nuclear Waste 
Ceramics." Paper presented a t  t he  F a l l  Meeting o f  t he  American Ceramic 
Soc ie ty ,  October 26-29, 1980. 

Weber, W. J:, J. W. Wald, and W. J. Gray. 1980. "Rad ia t ion  E f fec ts  i n  
C r y s t a l  11ne High-Level Nuc l ea r  Waste Sol ids." Paper preser~lecl  a t  t h e  T11i re1 
I n t e r n a t i o n a l  Symposium on the  S c i e n t i f i c  Basis f o r  Nuclear Waste Manage- 
ment, November 16-21, 19&0, Boston, Massachusetts. 

Woods, W. K., L. F. Bupp, and J. F. F le tcher .  1956. " I r r a d i a t i o n  Damage i n  
A r t  i f  i c i  a1 Graphite. " I n  Proceedi nqs o f  t h e  I n t e r n a t i o n a l  Conference on 
t h e  Peaceful  Uses o f  Atomic Energy, Vol. 7, pp. 455-462, Uni ted Nations, 
New Y o rk  . 



7.0 THERMAL PHASE STABILITY 
R .  P. May and R .  P. Turcotte 

The assessment of nuclear waste sol ids  has often included studies of the 
effects  of thermal treatment on waste form properties. One need is  to evalu- 
a te  the self -heating of wastes due to radioactive decay of cer tain isotopes, 
especi a1 ly cesium and strontium. Moreover, geometrical ly  1 arge products have 
been planned: for  example, canisters of waste glass 0.5 m in diameter and 3 m 
t a l l  have been produced in development studies. As a resu l t ,  depending on the 
glass composition, some devi t r i f icat ion may occur during slow cooling from the 
preparation temperature. In phosphate glasses, favored in early waste glass 
development work,, significant decreases in chemical durabi 1 i t y  occurred .as  a 
result  of par t ia l  c rys ta l l iza t ion .  Highly radioactive waste from unaged fuel 

reprocessing cou'ld also lead to high waste-form center1 i ne temperatures. 
For these reasons, thermal stabi 1 i t y  studies were i ncluded in development of 
borosil icate glasses and in part have led to  development of more thermally 
stable glass-ceramic and crystal  line forms. Centerline temperatures f o r  waste 
forms can be controlled by adjusting radionuclide content. Studies summarized 
here, nonetheless, show relat ively small e f fec ts  from post-preparation thermal 
treatment for  currently favored glass and ceramic compositions over a wide 
rarige of potentlal or accelerated treatments. 

The present review includes most of the relevant thermal s t a b i l i t y  work 
on waste forms under anhydrous conditions b u t  excludes v o l a t i l i t y  losses 
(described in Section 5 ) .  The major categories of proposed waste forms are 
addressed, though l i t t l e  jnformation is available in some cases. The review 
for  each type of material considers 1) what phase changes occur as a function 
of time, temperature, e tc . ,  and . . 2 )  what impact do these changes have on sub- 
sequent properties. ~ e t a i  1s of experimental .approaches used by investigators 
are not germane to the review. Likewise, tables of some waste form composi- 

t ions are given b u t  are generally referenced. Glasses and crystal  l ine forms 

are considered separately i n '  the fol'lohing sections. 
. . . . 

. . 



7.1 GLASS FORMS 

Glasses a re  w e l l  known t o  be i n  a metas tab le  c o n d i t i o n  and t o  c r y s t a l l i z e  

a t  r a t e s  depending on v a r i o u s  parameters, t h e  most impor tan t  o f  which a re  t h e  

g l a s s  compos i t ion  and temperature.  S tud ies  o f  s imp le  glasses, o f t e n  t e r n a r y  

ox ides,  have l e d  t o  a  " t h e o r y  o f  c r y s t a l l i z a t i o n "  (e.g., see K inge ry  e t  a l .  

1976, Chapter 8  and re fe rences  t h e r e i n )  based ma in l y  on t h e  es t imated  f r ee -  

energy d i f f e r e n c e  between t h e  g l ass  and i t s  c r y s t a l l i n e  form, t h e  g l ass  v i s -  

c o s ' i t y  and t h e  d i f f u s i o n  c o e f f i c i e n t ( s )  invo lved .  8:though t h e  t h e o r y  

a v a i l a b l e  assumes t h e  s i m p l e s t  case--a c r y s t a l l l n e  phase yruws .in a g l ass  s f  

t h e  same composi t ion,  a p p l l c a t l o n  t o  wdsle y lasses  has been a t tcmptcd  by Boulos 

e t  a l .  (1980).  They conc lude t h a t  waste g lasses w i l l  n o t  s . i g n i f  i c a n t l y  c r ys -  
4 t a l l i z e  a t  450.C u n t i l  10 yea rs  no r  u n t i l  years  a t  ambient ternpera- 

t u r e s .  A l though these  seem t o  be h i g h l y  o p t i m i s t i c  e x t r a p o l a t i o n s ,  t h e r e  i s  

c l e a r l y  a  need f o r  t h e o r e t i c a l  work. The exper imenta l  s t ud ies  so f a r  under- 

taken, e s p e c i a l l y  by T u r c o t t e  and coworkers (1976-1981), show s u r p r i s i n g l y  

r e g u l a r  behavior,  c o n s i d e r i n g  t h e  comp lex i t y  o f  t h e  glasses. These s t u d i e s  

show t h a t  k i n e t i c  behav io r  can be d e f i n e d  i n  reasonable d e t a i l  and t h a t  

behav io r  agrees w i t h  genera l  expec ta t i ons  based on theory .  

H i s t o r i c a l l y ,  t h e  development o f  s o l i d  waste forms evolved th rough chem- 

i s t r y l c h e m i c a l  eng inee r i ng  needs, w i t h  i n c r e a s i n g  involvement by m a t e r i a l s  

s c i e n t i s t s .  E a r l y  work emphasized phosphate g lasses f o r  eng inee r i ng  reasons, 

b u t  i n t e r e s t  i n  them decreased i n  f a v o r  o f  b o r o s i l i c a t e s  i n  p a r t  because of 

d e v i t r i f i c a t i o n  problems (Mendel 1972; Grover 1973; Heimerl  1975). The Pamela 

meta l -mat r i x  concept, however, i n i t i a l l y  i n v o l v e d  phosphate g l a s s  beads 

(Heimer l  1979), b u t  poo r  hydrothermal  leach ing  behav io r  (Marples e t  a l .  1980) 

has p robab l y  ended c o n s i d e r a t i o n  of phosphate g l ass  as a  HLW form. Th i s  change 

i n  d i r e c t i o n  occurred, however, w i t h o u t  any s tudy a c t u a l l y  d e s c r i b i n g  t h e  

k i n e t i c s  o f  phosphate g l a s s  d e v i t r i f i c a t i o n  (Malow e t  a1 . 1980). 

Be fo re  1975, g l a s s  therma l  s t a b i l i t y  s t u d i e s  were l i m i t e d  t o  a  c u r s o r y  

e v a l u a t i o n  o f  t h e  tendency t o  d e v i t r i f y ,  w i t h  an emphasis on t h e  r e s u l t a n t  

change i n  chemica l  l e a c h a b i l i t y .  A l though many l a b o r a t o r i e s  eva lua ted  t h e r -  

mal s t a b i l i t y  of waste g lasses  i n  some fash ion ,  ve ry  few s t u d i e s  showed 



q u a n t i t a t i v e  time- o r  temperature-dependent behavior. A S  work on boros i  1  i c a t e  

glasses continued, some k i n e t i c  s tud ies  were undertaken, p a r t i c u l a r l y  a t  PNL. 

The f o l l o w i n g  sec t ions  attempt t o  summarize observed phase changes, t he  * 
k i n e t i c s  o f  some o f  these changes, and f i n a l l y  t he  p r a c t i c a l  s i g n i f i c a n c e  o f  

the  changes, p a r t i c u l a r l y  w i t h  respect  t o  leach ra te .  

7.1.1 Observed Phases 

A l a r g e  v a r i e t y  of glasses have been s tud ied  f o r  waste immobi l izat ion,  and 

some o f  t h e  more thorough ly  s tud ied  composit ions are 1  i s t e d  i n  abbreviated form 

i n  Table 7.1. As-prepared glasses may con ta in  several  percent o f  c r y s t a l l i n e  

phases (e.g., Ru02, Pd), and the  boros i  1  i c a t e s  are probably phase-separated 

i n t o  boron-r ich and boron-depleted v i t r e o u s  regions a t  t he  -100 A l eve l ,  as 

shown by Tomozawa e t  a l .  (1979). L i q u i d - l i q u i d  i m m i s c i b i l i t y  a l so  occurs on 

t h e  macroscopic scale as demonstrated by t h e  "ye l low phase" repor ted  f o r  

glasses con ta in ing  more than a  few percent  o f  molybdate (Lu tze  e t  al . ,  1979). 

Th is  molybdate phase may fo rm du r ing  processing, i s  water-soluble, and con- 

cent ra tes  both s t ron t i um and cesium. 

Table 7.2 sumnarizes the  c r y s t a l l i n e  phases formed i n  waste glasses a f t e r  

var ious heat treatments. There are some common fea tu res  i n  phase study work 

d i f f i c u l t  t o  convey i n  t h i s  t a b u l a r  form. F i r s t ,  i n  a l l  s tud ies  i nco rpo ra t i ng  

t h e  p la t inum group metals, palladium, rhodium, and ruthenium (as Ru02) a re  

always found as d i s c r e t e  phases imbedded i n  the  g lass mat r ix ,  even i n  glasses 

quenched f rom the  p repa ra t i on  temperature. Secondly, r e f r a c t o r y  oxides, such 
3+ 

as (Ce,RE )02-, o r  (Fe,Cr,Ni)304, may form r a p i d l y  a t  h igh  temperatures and 

may a lso  appear i n  quenched glasses o r  appear w i t h  l a t e r  heat treatment.  I n  

PNL studies,  more complex s i l i c a t e ,  phosphate and aluminum o r  t i t a n i u m  conta in-  

i n g  phases genera l l y  form a t  lower temperatures, r e q u i r i n g  r e l a t i v e l y  long heat 

treatments. Thermal t reatment  o f  up t o  1 year  a t  temperatures below t h e  

d i l a t o m e t r i c  so f ten ing  p o i n t  causes no measurable increase i n  c r y s t a l l i n i t y  

(Tu rco t te  e t  a l .  1980). The k i n e t i c  behavior f o l l o w s ' t h e o r e t i c a l  expecta t ions  

i n  t h a t  t h e  r e f r a c t o r y  oxides have a  l a r g e r  d r i v i n g  f o r c e  (AG) f o r  f o rma t ion  

than do s i l i c a t e s ,  phosphates, etc .  Hence they  c r y s t a l l i z e  r a p i d l y ,  w i t h  

h igher  l i qu idous  temperatures. 



TABLE 7 .l. Nuclear Waste Gl ass Composi t ions, w t %  

Na20 

L i 20 

Fe203 

Mo03 
NiO 

SON 
58.30.20.U? 

43.6 

19.0 

0.1 

0.6 

VG UK UK B P G PNL PNL PhL PNL ,?NL SRL SRL SRL ICPP ICPP 
%/3 209 189 1-3 78/7 2 7.3-157 72-68 76-68 77-107 77-263 C-411 T-411 T-211 Zr-13 Zr-51 ---- 
41.8 50.9 41.5 18.0 -- 43.5 27.3 39.8 37.8 35.8 11.6 43.3 42.8 43.7 34.8 44.4 

10.5 11.1 21.9 6.4 --, 1 4 . 2 1 1 . 1  9.5 12.9 9.0 14.4 8.3 7.9 7.8 9.0 5.5 

1.2 5.1 5.'0 12.8 4.9 4.1 -- - - -- 2.0 3.6 11.7 3.7 3.6 6.0 6.0 
- - 0.2 0.2 -- 38.5 -- -- -- -- 2.4 -- -- -- -- -- -- 
2.3 -- -- 4.0 -- 2.0 1.5 2.0 2.0 1.0 3.2 5.0 5.4 5.2 3.1 1.2 

0.6 0.4 0.4 15.5 1:5 0.6 2.5 0.6 1.1 0.6 3.6 -- . - -  -- -- - - 
22.3 8.3 7.7 3.8 -- 10.0 4.1 12.5 5.4 11.1 8.6 9.4 9.0 15.1 19.0 16.1 

-- 4.0 3.7, 2.4 -- 3.1 -- -- -- - - 2.0 9.4 8.8 3.1 1.4 -- 
0.7 2.7 2.7' 1.5 15.7 6.8 1.0 9.8 0.9 2 1.8 8.0 15.1 15.2 --  - - 
2.2 1.8 1 . 8 :  2.4 4.2 126 4.0 2.3 4.3 2.C i . 6  -- -- - - -- - - 
0.2 0.4 0.4 0.2 0.2 0.5 0.7 0.2 0.1 -- 0.1 0.6 1.9 1.9 -- - - 

ZnO - - 0.4 0.4 3.6 -- 2 .0  21.3 5.0 5.0 -- 2.5 -- -- -- - - 1.4 -- 
Zr02 3.1 2.4 1.4 1.4 3.4 4.0 1.6 3.1 1.8 3.2 1.' 5.3 - -  -- - - 6.8 6.8 

PdO 1.0 0.6 0.4 0.4 0.1 1.3 0.4 0.9 0.5 1.2 0 .5  -- -- - - - - -- - - 
v Cs20 1.8 1.4 0.8 0.8 1.8 2.1 1.1 1.8 1.1 1.9 0.6 1.0 -- - - - - -- - - 
P Ru02 1.9 1.1 0.7 0.7 -- 2.3 0.9 1.9 1.1 2.2 0.9 -- -- - - - - - - - - 

SrO 0.7 0.5 0.3 0.3 0.6 0.8 0.6 2.1 -- - - -- -- -- - - - - -- - - 

'3'8 3.6 1.2 0.1 0.1 0.5 2.4 0.5 1.3 4.6 3.7 5.: -- - - -- -- - - - - 
Rare e a r t h  7.7 5.5 3.7 3.6 5.1 9.8 4.3 7.7 4.4 8.6 14.0 5.3 -- -- -- - - - - 
oxides 

~s 
2 
ox ide 

6.3 6.3 1.2.22.34.1 - 
MgO MgO MgOl Mn02 Kpl E20 

3.6 3.0 6.0 - - -  
Ti02 Ti02 Ti], - 

( a )  Cther .oxides are l i s t e d  o n l y  i f  present >0.5 we. 
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P. u 

Pd 

tuO2 

PdO 

Ce02 
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[RE)POJ 
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. . 
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. . 

UTe 
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zro2 

CaF 
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TABLE 7.2 .  C r y s t a l 1  i n e  Phases I d e n t i f i e d  i n  Nuclear  Waste Glasses 



TABLE 7.2 (contd)  

Malw et a l .  1980 
Araki 1981 
Turcotte et a l .  1980 
Wald and Westsik 1979 
Chick et a l .  1980 
Lllkacs e: a l .  1978 



7.1.2 Composition E f f e c t s  ( 

A wide range of waste-gl ass composi t i ons have been exami ned i n  response 

t o  t h e  wide v a r i a t i o n s  i n  proposed or  actual  waste-stream composi t i o n s  t h a t  

must be v i t r i f i e d .  I n  add i t ion ,  composit ion v a r i a t i o n s  w i t h i n  i n d i v i d u a l  

waste storage tanks are 1 arge, suggest ing t h a t  waste-form p rope r t i es  should be 

exami ned over a range o f  composit ions as undertaken, f o r  example, i n  Savannah 

R ive r  Laboratory (SRL) s tud ies  (Ke l l ey  1975). I n  t h e  o n l y  d e t a i l e d  s tudy  

reported, Chick e t  a l .  (1979; 1980) evaluated waste glasses formed f rom 11 

rep resen ta t i  ve o x i  des (Table 7.3) cover ing  t h e  range o f  then-proposed composi- 

t i o n s  i n  the  Un i ted  States. F igure  7.1 shows the  r a t h e r  broad range o f  compo- 

s i  t i  ons i nvo l  ved, consi der ing  the  g l  asses as composed o f  network f omers ,  

TABLE 7.3. Composi t i  on F i e l  d fo r  E 1 even-Compound Generic Study 

Low High Cent ro id  
Val ue Val ue, 

Component m:y$'?d) m o l e ~ ( a )  mole% 

Formers 

Si02 42 58 49.03 

B2°3 6 12 8.82 , 

M o d i f i e r s  

I ntermedi ates 

ZnO 

T i02  

Cr203 

Fe203 
NiO 

( a )  The f i e l d  was a l so  l i m i t e d  by these r e s t r i c t i o n s :  
t o t a l  f ormers 55-75 mole%; t o t a l  m o d i f i e r s  
14-34 mol e%; t o t a l  in termedi  ates 0-22 mol e%. 



FIGURE 7.1. Ternary  Oiagram of Glass Formers, M o d i f i e r s  and 
In te rmed ia tes ,  Showing Nuc lear  Waste Glass Com- 
p o s i t i o n  Regions and Exper imenta l  F i e l d s  ( f r o m  
Chick 1980) 

m o d i f i e r s ,  and i n te rmed ia tes  as de f i ned  i n  Table 7.3. E m p i r i c a l  model ing o f  

d a t a  f r om t h i s  m a t r i x  a l lowed c o r r e l a t i o n s  between compos i t ion  and a  number o f  

p h y s i c a l  and chemical  p r o p e r t i e s .  

One parameter s t u d i e d  was t h e  d e v i t r i f i c a t i o n  y i e l d  f o l l o w i n g  heat  t r e a t -  

ment. The c r y s t a l l i n e  y i e l d s  were determined by x-ray d i f f r a c t i o n  i n  b o t h  

quenched and slow-cooled ( 6 ' c l h r )  samples. C o r r e l a t i o n s  w i t h  i n d i v i d u a l  ox i de  

concen t ra t  i ons  a r e  shown Sii Figure 7.2a and b. The i n s u l u b l e  phdse coricer.~tr.d- 

t i o n s  i n  quenched g lasses  increased w i t h  i n c r e a s i n g  concen t ra t l onb  of eransl- 
t i o n  me ta l s  and t i t a n i u m  and decreased w i t h  Na20, CaO, and SiO a a d i t i o n s .  I n  2  
t h e  s low-cool ing exper iments,  S i02 and B203 concen t ra t i ons  a re  o f  p r ima ry  

impor tance i n  reduc ing  c r y s t a l l i n e  y i e l d s .  The p o s i t i v e  i n f l u e n c e  o f  A1203 i n  

i n c r e a s i n g  d e v i t r i f i c a t i o n  i s  supported i n  s t u d i e s  by P lod inec  and Wi ley 

(1979).  The i n h i b i t o r y  e f f e c t  of MyO a d d i t i o n s  on d e v i t r i f i c a t i o n  has been 

r e p o r t e d  i n  o t h e r  g l a s s  s t u d i e s  (e.g., N i k i f o r o v  e t  a l .  1979; Shahid and 

G l  assner 1972). 



M I N I M U M  STANDARD DEVIATION 

2.0 I 1 I I I I 1 I I 1 
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MOLE % CHANGE I N  COMPONENT FROM CENTROID COMPOSITION 

I . \  NiO ZnO 

M I N I M U M  STANDARD DEVIATION 
A T + 4 .  + 5 M % A I 2 o 3  \ '  Si02 

P M A X I M U M  STANDARD DEVIATION \ 
AT + 3 M % Na20 B2°3 

MOLE % CHANGE I N  COMPONENT FROM CENTROID COMPOSITION 

. . 
FIGURE 7.2. : E f f e c t s  o f  Glass ~ o m ~ o s i t i o n  Component Changes f r om 

Glass Ce'r i t ro id Composit ion on C r y s t a l l i n i t y  A f t e r  
a)  Rap id  A i r  Cool (Quench.) and b)  Slow Cool a t  6 ' ~ / h r  . 

f rom t h e  M e l t  ( f r o m  Chick 1980)..', 



S p i n e l  f o r m a t i o n  has rece i ved  s p e c i a l  a t t e n t i o n  because o f  s e t t l i n g  prob- 

lems i n  ceramic m e l t e r s .  M e l l i n g e r  and Chick (1979) and Me1 l i n g e r  e t  a l .  

(1980) showed t h a t  i n c r e a s i n g  t h e  c o n c e n t r a t i o n s o f  e i t h e r  Fe20j o r  A1203 

inc reased  t h e  f o rma t  i o n  o f  (Mn,Ni)Fe204. The aluminum atoms appa ren t l y  p re fe r -  

e n t i a l l y  occupy s i t e s  t h a t  i r o n ,  n i c k e l ,  o r  manganese u s u a l l y  occupy I n  t h e  

g l a s s  s t r u c t u r e .  T h i s  r e s u l t s  i n  t h e  e x c l u s i o n  o f  these meta ls  f r om t h e  g l ass  

network and f o r c e s  s p i n e l  f o r m a t i o n  when aluminum i s  above a  minimum concentra- 

t i o n  ( > l o  mole%) i n  t h e  g l a s s  (MacKenzie and Brown 1975). Another s tudy  (Chick 

1980) has shown t h a t  L i  0 substitution f o r  Na20 a l s o  ir~creeses s p i n e l  y i e l d  as 2  
was observed i n  a  s t u d y  o f  t h r e e  SRL g lasses  (C-411, T-411, T-211). F u r t h e r  

work (May 1980) demonstrated impo r tan t  v i s c o s i t y  c o r r e l a t i o n s  ( i n v o l v i n g  LiZO 

c o n c e n t r a t  i o n )  on b o t h  c r y s t a l  1  i n e  y i e l d  and m i c r o s t r u c t u r e  o f  t h e  hea t - t rea ted  

g lasses.  

7.1.3 K i n e t i c  S t u d i e s  

I n  t h e  f i r s t  d e t a i l e d  s tudy  of waste-glass d e v i t r i f i c a t i o n ,  T u r c o t t e  and 

Wald (1978) r e p o r t e d  t ime-  and temperature-dependent r e s u l t s  f o r  g l ass  72-68, 

a  z i n c  b o r o s i l i c a t e  composi t ion.  F i g u r e  7.3a, b, c  summarizes t h e  i n f o r m a t i o n  

generated f o r  i ng row th  of Zn2Si04, which was t h e  ma jo r  d e v i t r i f i c a t i o n  

p roduc t .  Regular,  s igmo ida l  i ng row th  curves and a  good 1 / T  r a t e  dependence 

were observed. Tu rco t t e ,  Wald, and May (1980) l a t e r  r e f i n e d  these da ta  and 

s i m i  1  a r  i n f o r m a t  i o n  f o r  g l a s s  76-68 i n t o  t ime- temperature- I : rar~sfor~r~at . iur~ (TTT) 

curves  as shown i n  F i g u r e  7.4. R e s u l t s  a r e  a l s o  shown f o r  PNL 77-260, and a  

p a r t i a l  cu rve  i s  i n c l u d e d  from r e s u l t s  g i v e n  by Malow e t  a l .  (1980) on g l ass  

UK-189. The l a t t e r  work r e l i e d  on mic roscop ic  examinat ion r a t h e r  than  t h e  

x-ray d i f f r a c t i o n  method used i n  PNL s tud ies .  A 1  1  curves ( F i g u r e  7.4) show 

t h e  minimum heat  t r ea tmen ts  necessary t o  cause 5 w t %  c r y s t a l l i n e  ingrowth  

beyond t h e  2  t o  5% m e l t - i n s o l u b l e  c r y s t a l l i n e  con ten t  t h a t  i s  p resen t  be fo re  

hea t  t rea tment .  Most of t h e  da ta  a v a i l a b l e  f o r  o t h e r  g l ass  composi t ions f a l l  

near  o r  w i t h i n  t h e  r e g i o n  de f ined  by  these  curves. The r e l a t i v e l y  narrow band 

observed i s  p robab l y  a  r e s u l t  of a  glass-development c r i t e r i o n  t h a t  v i s c o s i t y  

shou ld  be 200 p o i s e  o r  l e s s  a t  1 0 5 0 ~ ~ .  Hence, most .waste-g lass composi t ions 

s t u d i e d  have s i m i l a r  i o n  m o b i l i t i e s  i n  t h e  m e l t .  
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FIGURE 7.3. C r y s t a l l i n e  Ingrowth o f  Zn2SiOq i n  Glass PNL 72-68 as a 
Func t ion  o f  a) Time, b) I n  Time and c )  Inverse  T.empera- 
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FIGURE 7.4. Time-Temperature-Transformation (TTT) Curves for 
Glasses PNL 72-68, 76-68 and 77-260 at 5 wt% New 
Crystal 1 ine Ingrowth Level (Turcotte et al. 1980) 
and Detectable Crystallinity TTT Curve for Glass 
UK-189 (Malow et al. 1980) 

The TTT curves actually represent rather complex processes, since two or 
three major phases are crystallizing with different time-temperature kinetics-- 

each with its own "liquldous" temperatures. Semiquantitative data for spe- 

cific phases are reported in most of the PNL references. The information on 
3+ (Ce,Re )O,,x is particularly interesting, especially for glass 78-157, where 

L . .  
it was the only observed crystalline product. The TTT curve generated for this 

glass, at four different (low) concentrations is given in Figure 7.5. Note 

that the crystallization at 9 5 0 ~ ~  occurs in minutes, requiring rapid cooling 

through this temperature region to avoid precipitation. Figure- 7.6 shows 

similar curves for glass 76-68 (and some data for UK-189), where crystalliza- 

tion of Ce02 occurs at lower temperatures and requires anneals of 1 to 

10 days. 
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FIGURE 7.6. TTT Curves for Two Levels, of Ce02 Ingrowth in Glass 
PNL 76-68. Detectable crystallinity curve for glass 
UK-189 (from' Malow 1980) shown for comparison with 
Figure 7.4. 



Some qualitative data shown in Figure 7.7 have been reported by Araki 

(1981) that suggest behavior simi.l'ar to that presented in Figures 7.4-6. The 

borosilicate glass composition (G-2'; given in Table 7.1) was melted at 1200'~. 

The information presently available for borosilicate waste glasses may be 

summarized/extrapolated in several ways. These glasses typically have dilato- 

metric softening points usual ly between 500 and 600'~ and melting temperature 

(200 poise) between 950 and 1150'~. Rate data plotted as 11T and TTT plots 

appear to be useful in fitting experimental data obtained above the glass soft- 

ening point. Although some of the needed information is for T ~ 3 0 0 ' ~  and 

times >lo0 years, neither of these can be directly evaluated, since crystal- 

lization has not been observed at temperatures below ~OO'C, even in experiments 
ments lasting several years. The extrapolations proposed in Figure 7.8 are 

based on studies referenced in the present document and suggest the following 

generalizations. 

Crystal nucleation at 200'~ (four curves) may be as short as 30 years for 
a low-melting glass like the phosphate glass D-P 7817 or as long as 

1000 years for the parent glass of the celsian glass ceramic D-B 1-3, 

which has a higher melting temperature. 

a Significant crystallization (>5 wt%) could occur (200'~) as rapidly as 

500 years for a glass like PNL 77-260 or "never" as for glass PNL 76-68. 

The time span between nucleation and significant crystal growth may be . 

large, as the 0.4 and 5 wt% curves for glass PNL 76-68 imply. The 

extrapolations at 200'~ imply 500 years for nucleation and millenia for 

growth. 

7.1.4 Effects of Heat Treatment on Properties 

In the final analysis, it is possible that crystallization of waste glass 

may have no detrimental effect on properties. Indeed, intentionally crystal- 

lized glass ceramics have been investigated by Lutze and coworkers at the Hahn- 

Meitner Institut, Berlin, as possible improvements over their parent glasses. 

As to chemical durability, it is clear from their studies (D6 et a I. 1976a,b) 
that carefully crystallized glasses can be as durable as the parent glass. 
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FIGURE 7.7. E f f e c t  o f  Heat Treatment Temperature and Ho ld i ng  Time on 
Devi  trif i c a t i  on o f  G l  ass 6-2 ( f r om A rak i  1981) 
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FIGURE 7.8. TTT Ex t rapo la t i ons  o f  1-day and 100-day Data t o  
105 Days f o r  a Phosphate Glass, a Cc ls ian  Glass- 
Ceramic Parent Glass and Four Borosi  1  i c a t e  
Glasses 

There are severa l  p o s s i b l e  e f f e c t s  o f  c r y s t a l  growth i n  glasses, no t  spe- 

c i f i c a l l y  po in ted  out  i n  t h e  preceding sect ions.  Usual ly ,  ingrowth o f  c r y s t a l -  

l i n e  phases decreases r e s i d u a l  g lass phase concent ra t ions  o f  r a r e  e a r t h  and 

t r a n s i t i o n  elements, as we l l  as z i r con iu~ r l  arid t i t an ium;  thus t h e  res idua l  

g lass  i s  l ess  chemica l ly  durab le  than t h e  o r i g i n a l  glass. Much l ess  o f t e n  the  

new c r y s t a l l i n e  phases are a l so  l ess  durable (Lutze e t  a l .  1979). Ingrowing 

c r y s t a l s  can also c rea te  s t r a i n s  l a r g e  enough t o  cause microcracking, as 

repo r ted  f o r  Zn2Si04 ingrowth i n  glass 72-68 (Tu rco t te  and Wald 1978). Con- 

c e n t r a t i  on o f  some elements a t  c r y s t a l / g l a s s  boundaries may r e s u l t  i n  enhanced 

l e a c h a b i l i t y .  There are a l so  secondary e f f e c t s  of genera l l y  unknown conse- 

quence r e l a t e d  t o  l o c a l i z i n g  the  r a d i a t i o n  damage. For example, Weber e t  a l .  

(1979) s tud ied  a  p a r t i a l l y  d e v i t r i f i e d  g lass i n  which the  rad ia t ion- induced 

volume expansion of one phase (Ca3Gd7(Si04) (P04)02) l ed  t o  microcrack i n g  



of the parent glass. Other questions concerning the ability of crystalline 

phases to withstand transmutation (e.g., Cs + Ba) have not been answered. 

With regard to experimental measurements of leach rate changes, phosphate 

glasses typically attain maximum devitrification growth in the temperature 

range of 500 to 700'~ (Grover and Walmsley 1968). This devitrif ication causes 

an adverse change in leach rate that can span three orders of magnitude, as 

Figure 7.9 shows (Mendel and McElroy 1972). In this figure, the leach rates 

of a phosphate glass and a borosilicate glass are shown as functions of the 

same heat treatments. As suggested earlier, this comparison shifted research 

emphasis away from the phosphate glasses. Crystal yield data taken from the 

work by Turcotte and Wald (1978) are shown in Figure 7.10 for the growth of 

Zn2Si04 and SrMo04 in glass PNL 72-68 over the temperature range of 400 to 

1000'~ for an annealing time of 2 months. The corresponding leach rates for 

this devitrified glass are shown in the upper curve of Figure 7.11 (Ross et al. 

1978). It is readily apparent that the change in leach rate is directly 

related to devitrification. The elemental leach rates for vitreous and devit- 

rified glass PNL 72-68 given in Table 7.4 indicate that the increase in leach 

rate observed after 2 months at 700'~ is due to the formation of the SrMo04 

phase in this glass. Additional leaching data reported by Mendel et al. (1977) 

support the conclusion that the increased leaching of devitrified glass is 

related to increased dissolution of SrMo04. An additional factor is that 

ingrowth of the Zn2Si04 phase caused microcracking, thereby increasing the 

surface area and the apparent leach rate. Although most studies have been 

'limited to evaluation of simulated HLW glass, Wald and Westsik (1979) produced 

radioactive samples of PNL glasses 72-68, 76-68, 77-107, and 77-260 and com- 

pared them to their respective simulated compositions in both the vitreous and 

devitrified states, as summarized in Table 7.5. Neither simulation nor.devit- 

rification appears to change the leach rate of the g1asses.b~ more than a 

factor of three from the values obtained for the radioactive vitreous samples. 

Glass PNL 76-68 is the MCC reference borosilicate glass composition. 

Like PNL 72-68, it may be partially crystal1 )zed between 600 and 900'~ (Ross 

.et al. 1978), but to a lesser extent. Figure 7.12 shows a slight increase in 
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FIGURE 7.10. Ingrowth o f  Zn2SiOq and SrMoOq as a Function o f  
Temperature f o r  Glass PNL 72-68 Heat-Treated 
2 Months (Turcotte and Wald 1978) 
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FIGURE 7.11. Long-Term Cesium Leach Rates o f  Glasses PNL 72-68 
and 76-68 as a Function o f  Temperature f o r  a 
2-Mrjiltt~ Hea.L Treahlerit ( Fr-oiii Ross e t  a l .  1978) 



TABLE 7.4. Average Long-Term Leach Rates of Glass PNL 72-68 
Be fo re  Heat Treatment ( v i t r e o u s )  and A f t e r  2 Months 
a t  ~ O O ' C ,  g/cm2-day (Ross e t  a l .  1978) 

E 1 ement V i t r eous  D e v i t r i f i e d  
Analyzed 1 0 0 0 ' ~  2 h r  7 0 0 ~ ~  2 mo 

TABLE 7.5. Leach Rates o f  Four F u l l - L e v e l  and Fo r Simulated Nuc lear  
Waste Glasses Based on Cs, S r ,  and EuYa) f o r  Bo th  V i t r e -  
ous and D e v i t r i f i e d  Samples (Wald and Westsik 1979) 

Cesium Stront ium,  Europium, 
S imu la ted  R a d i o a c t i v e  Simulated Rad ioac t i ve  

PNL 72-68 
A s  prepared 9.0 x 101; 2.3 x 10-2 6.9 x 10-$ 3.1 x 10-g 
D e v i t r i f i e d  3.2 x 10 4.3 x 10- 1.5 x 10- 4.2 x 10- 

PNL 76-68 . 
AS pr.spdr.rd 2.7 x lo-: 3.0 x lo-; 2.0 x 10-6 1.3 x 10:g 
D e v i t r i f  i e d  3.0 x 10- 2.6 x 10- 3.3 x 1.3 x 10 

PNL 77-107 
As prepared 6.4 x 10-2 6.5 x 10-$ 6.5 x 10-2 2.2 x 10-7 
D e v i t r i f  i e d  8.0 x 10- 4.4 x 10- 6.0 x 10- 7.7 x 10- 

PNL 77-2 60 
As prepared 9.1 x 10-$ 1.8 x 10-g 1.4 x 10-6 8.1 x 10-5 
D e v i t r i f  i e d  9.8 x 10 1.8 x IU -  1.2 x 1um6 5./ x 10- 

( a )  The leach  r a t e s  i n  g/cm2-day a re  average r a t e s  cove r i ng  8 th rough 
84 days o f  t e s t i n g  (IAEA, 25OC). 
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FIGURE 7.12. Long-Term Cesium Leach Rates of Glasses PNL 77-107 
and 77-260 as a Funct ion  o f  Temperature f o r  a 
2-Month Heat Treatment ( f rom Ross and Mendel 1979) 

leach r a t e  t h a t  corresponds d i r e c t l y  t o  t h e  ex ten t  o f  d e v i t r i f i c a t i o n .  The 

maximum leach r a t e  change i s  by about a f a c t o r  o f  f i v e  du r ing  long-term leach 

tes ts .  The changes are a l so  by about a f a c t o r  o f  5 based on Soxhlet  leach 

data, as shown i n  Table 7.6 f o r  glasses PNL 76-68, 77-107, and 77-260.' Long- 

term leach data g r a p h i c a l l y  shown i n  F igu re  7.12-for glasses PNL 77-107 and 

77-260 show much less  v a r i a t i o n  f o r  leach r a t e  versus heat treatment.  The 

m i  c r o s t ~ u c t u r e s  o f  these th ree  g l  asses (Table 7.6) d i f f e r  frm t h o i e  o f  

PNL 72-68 i n  t h a t  a l l  show a d i spe rs ion  o f  f i n e  c r y s t a l s  w i t h  no evidence o f  



. , 
TABLE 7.6. Standard ~ b x h l  e t '  Leach ~ a t a ( a )  A f t e r  Heat Treatment 

f o r  Three B o r o s i l i c a t e  Glasses (Ross e t  a1 . 1978) 

Storage 
Temper a t  ure , PNL 76-68 . PNL 77-107 PNL 77-260 

" C 2 H r  1 Day 1 Wk 2 Mo 1 Y r  2 H r  1 Day 1 Wk 2 Mo 2 H r  1 Day 1 Wk 2 Mo 

( a )  Leach r a t e  i n  % weight loss i n  72 hr.  Convert t o  g/cm2-day by m u l t i p l y i n g  by 
1.28 x 10-5. 

m ic roc rack ing  or  f o rma t ion  o f  a  s o l u b l e  phase. Dens i t i es  o f  the  par ti all,^ 

c r y s t a l  1  i z e d  samples d i d  no t  change s i g n i f i c a n t l y  f rom t h e  parent  g l  ass 

(Westsi k 1979). Malow e t  a l .  (1980) repo r ted  the  e f f e c t s  o f  d e v i t r i f i c a t i o n  

on leach r a t e  f o r  s i x  g lass composit ions. I n  a l l  cases, as shown i n  F igu re  

7.13, t h e r e  i s  an increase i n  leach r a t e  w i t h  d e v i t r i f i c a t i o n .  For UK-209 t h e  

increase i s  small; f o r  SON 58.30.20.U2 t h e  increase i s  n e a r l y  one order o f  

magnitude. 

I t  seems c l e a r  t h a t  leach r a t e s  o f  b o r o s i l  i c a t e  g lass composit ions i n  t he  

worst  cases increase by about a  f a c t o r  o f  10, as a  r e s u l t  o f  d e v i t r i f i c a t i o n .  

I n  most cases the  changes are  l ess  than a  f a c t o r  o f  f i v e ,  and i n  some cases 

are n e g l i g i b l e .  
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FIGURE 7.13. Soxhlet Leach Rates of Four European B o r o s i l i c a t e  Glasses 
(SON 58.30.20 U2 ,* VG 98/3, UK. 189 and UK 209), One Phos- 
phate GI ass (P 78/7), and t h e  Ce ls ian  Glass Ceramic 81-3, 
as Funct ions of Heat-Treatment Temperature and Hold ing 
Time ( f rom Malow e t  a1 . 1980) . . 

7.2 CRYSTALLINE WASTE FORMS 

Various c r y s t a l l i n e .  waste forms have been considered f o r  immob i l i za t i on  

o f  nuclear  wastes, extending t o  bo th  extremes o f  t he  p o s s i b l e  thermal t r e a t -  

ment scale. High-temperature, f u l l y  c r y s t a l l i z e d  composites such as ,"SYNROC," 

glass-ceramics, and cast /hydrated ceramics such as, "FUETAP" have . a l l  been sug- 

gested as promis ing HLW forms f o r  one reason o r  another. Since many o f  these . 



forms have been under.development f o r  o n l y  a few years, very l i t t l e  informa- 

t i o n  i s  a v a i l a b l e  i n  severa l  areas, compared t o  t h a t  f o r  waste glasses. 

As t o  thermal s t a b i l i t y ,  h igh  temperature- f i red ceramics very l i k e l y  w i l l  

n o t  undergo s i g n i f i c a n t  change when subjected t o  lower temperature treatment,  

even f o r  extended t imes. It cou ld  be pos tu la ted  t h a t  polymorphic phase changes 

might  occur f o r  c e r t a i n  phases i n  c r y s t a l l i z e d  forms. For  g lass ceramics, how- 

ever, some m i c r o s t r u c t u r a l  coarsening and ingrowth o f  minor phases ( i n  t h e  

r e s i d u a l  g lass  m a t r i x )  cou ld  be expected and have been observed (Malow e t  a l .  

1980). The cement i t ious  waste forms may lose  water o f  hyd ra t i on  a t  r e l a t i v e l y  

low temperatures and undergo measurable phys i ca l  and chemical changes. The 

magnitude and importance of these changes i n  hydrated forms has not, however, 

been repor ted.  There i s  understandably l ess  in forrnat jon on thermal s t a b i l i t y  

o f  t h e  o t h e r  c r y s t a l l i n e  ceramics, s ince  t h e i r  p repa ra t i on  may w e l l  have 

r e q u i r e d  anneal ing a t  1 2 0 0 ~ ~  and f u r t h e r  low-temperature s tud ies  seem 

unnecessary. 

Table 7.7 l i s t s  t h e  p r imary  c r y s t a l l i n e  waste form candidates f o r  which 

some phase analyses have been reported, along w i t h  a l i s t i n g  o f  p r imary  phases 

present  and t h e i r  concent ra t ions  ( x )  when ava i lab le .  The t a b l e  i s  intended t o  

be rep resen ta t i ve  r a t h e r  than i n c l u s i v e .  Only one example o f  SYNROC i s  pre- 

sented, f o r  example, a l though many d i f f e r e n t  composit ions have been repor ted.  

More in fo rmat ion ,  i n c l u d i  nq o t h e r  composit ions, appears i n  the  f o l  lowing sec- 

t i o n s .  A concise summary o f  t h e  processes invo lved i n  manufacturing most of 

these forms ( f o r  TRU wastes) along w i t h  summaries o f  major p r o p e r t i e s  has been 

r e c e n t l y  repor ted  ( C r i  s l e r  1980). 

7.2.1 Observed Phases and Changes w i t h  Heat Treatment 

7.2.1.1 Glass Ceramics 

D6 e t  51. (1976a,b), Lutze e t  a l .  (19.79) and Malow e t  a l .  (1980) have 

repo r ted  on the development and p r o p e r t i e s  o f  several  glass-ceramic composi- 

t i o n s .  They repor ted  t h a t  thermal anneal ing o f  t h e  c e l s i a n  B1-3 composit ions 

l e d  t o  fo rmat ion  o f  BaMo04 and coarsening o f  t he  m ic ros t ruc tu re  as t h e  major 

phase (BaA12Si0208) t ransforms from a hexagonal t o  monoc 1 i n i c  s t r u c t u r e  and t h a t  



TABLE 7.7. Major Phases o f  some C r y s t a l  1  i n e  Waste ~ o r m s  ' ' 

C r y s t a l l i n e  
Waste Form' . Major Phases (by  minera l  name) 

Supercalc i  ne Apat i te ,  monazite, f l u o r i t e ,  p o l l u c i t e ,  
( SPC-4) schee l i te ,  corundum, sp ine l ,  r u t i l e  

SYNROC (B) Hol 1 andi te(35) ,  perovsk i te (22) ,  z i rcon01 i te (31 )  

Ce ls ian  glass- Cymri t  ( o r  h- o r  m-celsian.) p o l l u c i t e  
ceramic (Bl-3) RE-t i tanate, Ba-molybdate 

Cermet Ni-Fe a1 loy,. [unspec i f ied  ceramics] . 

FUETAP and Por t l and i te ,  a l i t e  
concrete 

these c r y s t a l s  then grow la rge r .  The composit ions and observed phases f o r  t h e  

c e l s i a n  and' f resnoi te g lass  ceramics are  g iven i n  Table 7.8. The f r e s n o i t e  

g lass ceramic was the rma l l y  s t a b l e  over t h e  same temperature range t h a t  t h e  

c e l s i a n  g lass  ceramic was, studied. .- 
' Oguino e t  a l .  (1979) s tud ied  t h e  p roduc t i on  of t h e  s i x  d i f f e r e n t  g lass  

ceramics whose composit ions and observed phases are g iven i n  Table 7.9. 

Changes i n  t he  g lass  ceramics when f u r t h e r - h e a t - t r e a t e d  a t  7 0 0 ' ~  a re  g iven i n  

Table 7.10. Four o f  the  s i x  glasses showed no e f f e c t s  f rom heat treatment,  - 

wh i l e  i n  one addit. iona1 ~ i ~ S i 0 ~  formed and i n  t h e  P-50 g lass  ceramic a NaA1Si04 

phase p r e c i p i t a t e d .  

7.2.1.2. High-Temperature Ceramics 

Sandia T i t a n a t e  , ..,..,*.,..... -" ...,,.-,. Ceramics. - .... *,-...,.... -,,-. Johnstone e t  a1 . (1979) cha rac te r i zed  t h e i r  

t i t a n a t e  product  as shown i n  Table 7.11. Heat t reatment  o f  t h i s  m a t e r i a l  a t  

1 2 0 0 ' ~  f o r  19 h r  l e d  t o  the  fo rmat ion  o f  severa l  u n i d e n t i f i e d  phases and the. 

disappearance o f  two drev io 'us ly  observed b u t  u n i d e n t i f i e d  phases. These phase 

t rans format ions  may have occurred as t h e  composi t ion changed i n -  response t o  

v o l a t i l i t y  losses. Another sample was heat- t reated a t  8 0 0 ' ~  f o r  475 hr .  Th i sc  
C 

sample developed two a l t e r a t i o n  zones on i t s  pe r iphe r .~ ,  p r i n c i p a l l y  due t o  the  

v o l a t i l i t y  o f  ruthenium and cesium and secondar i l y  t o  t he  m i g r a t i o n  o f  sodium 

t o  these, a l t e r a t i o n  zones. The i n t e r i o y  o f  the .  specimen showed some coarsen- 

i n g  o f  the  m ic ros t ruc tu re  b u t  no o the r  changes. 



TABLE 7.8. Composition. and P roper t i es  o f  Ce ls ian  and F resno i te  
Gl ass Ceramics ( f rom W .  Lutze  e t  a1 . 1979) 

C e l s i a n  Types, F r e s n o i t e  Types, 
w t% wt% 

S  i O2 

A1203 

'2'3 
C a0 

B  a0 

Na20 

L i 20  

T i 0 2  

Z no 

PbO 

Waste ox i des  

M e l t i n g  temp., K  

100 p o i s e  temp., K 

E l e c t r .  cond. 
(n cm)-1 a t  
prep. temp. 

N u c l e a t i o n  temp., K 

N u c l e a t i o n  t ime, h r  

L r y s t  . temp., I( 

Crys t .  t ime,  h r  

Heat c o n d u c t i v i t y ,  
W m-1 K-1 (500-900 K )  

Transform. terap., K 
Tp' K 

D i  latom. s o f t .  
p o l n t ,  K 
Coef f .  o f  
t he rma l  exp. x107 

C r y s t a l  phases Cymr i t  o r  h -Ce is ian  
m-Cel s i  an (Ba) 
BaA 12s i 208 
KE-Ti t a n a t e  (RE ,An,Sr) 
Re2Ti207 
Da-Molybdate (Mo, Da) 
BaMoOq 
P n l l ~ l c i t e  (Cs ,Rb)  
(Cs,N'a)AlSi206 

F r e s r i o l t e  (Ba,Sr) 
Ba2TiS i 208  
P r i d e r i  t e  (Ba) 

. . . .  
R E ~ T i 2 0 7  
Ba-MO l y b d a t e  (Ba,Mo) 
BaMoOq 



TABLE 7.9. ~ompos i  t i o n s  and Crys ta l  Phases o f  ' ~ l  ass-ceramic 
( f rom Oguino e t  a l .  1979) 

Si02 

A '2'3 

'2'3 

Fe203 
Ti02 

C a0 

MgO 
B a0 

ZnO 

L i20  

HLW 

, . Sample No. 
9- P-50 E-63, - P-71, 

w - - - . ";:' w t %  w t %  "2 w t %  

47.5 '35.0 30 ,O 50.0 41.02 40.0 

.6.8 15.0 10.0 12.5 . 8.20 6.5 

5.0 5.0 3.50 .3.5 

- 9.5 8.70 

2.7 5.0 10.0 6.0 3.20 10.0 

' 6.8 4.0 25.0 4.10 10.0 

6.8 1.37 

13.3 

2.7 4.0 

7.5 

20.0 20.0 ,, 20.0 20.0, ' 30.0 30.0 
- - - - - - 

Total  100.0 100.0 100.0 100.0 100.0 100.0 

Heat llOO°C 850°C 9 0 0 ' ~  8 0 0 ' ~  900°C 9OO0C 
treatment 1 h r  1 h r  3 h r  2 h r  1 hr .1 h r  

(a) Oiopside (CaO . MgO . 2Si02) 
( b )  hexa-Celsian (8aO . A1203 2Si02) 
( c )  Perovskite (CaTi03) 
(d)  6-Spodumene (L iz0  A!?O3 4Si02) 
(e)  Sptic~ie (CdO Ti02 . 2102 

.. . 

TABLE 7.10. 

Sample 
No. 

Changes o f  C rys ta l  Ptases and Leach Rate o f  Glass-Ceramics 
A f t e r  Heating a t  700 C f o r  1000 and 3000 h r  ( f rom Oguino 
e t  a l .  1979) 

Descr ip t ion  o f  Leach Rate, Weight Loss, g/an2/day 
X-Ray Trace 0 h r  1000 h r  3000 h r  

No change 3.6 x 3.6 x 3.6 x 

No change 1.8 x 1.9 x 

P r e c i p i t a t e  o f  Na41Si04, 5.6 x 10-4 8.5 x . 1.6 x 
appearance o f  sphene . \ 
(111) peak 

Increase o f  i n t e n s i t y  . 2.1 x 10-4 5.6 x lo-g 
i n  L i2S i03  (110) peak 

No change 6.5 x lo-, 6.5 x 6.6 x 

No change l . 2 x l ~ ' 4  9 . 3 x 1 ~ - 5  



TABLE 7.11. Pr imary Containment Phases } dent if i e d ( a )  
i n  SLA Titanate-Ceramics 

Energy-Dispersive Est .  Vol. 
Phase Elemental Ana lys is  F rac t i on ,  % 

T i02  ( r u t i  l e )  T i  50 

Amorphous s i l i c a  S i 5 
( s i o 2 )  ( t r a c e  U, T i ,  A l ,  Na) 

Cs20*A1203*4Si02 S i ,  A l ,  Cs 
(dehydrated p o l  l u c i  t e )  ( t r a c e  T i ,  Rb) 

Gd2Ti207 T i ,  Gd 
(somc U, Ncl) 
( t r a c e  Z r ,  Y )  

Elemental Pd 

Mo 
( t r a c e  Fe, T i )  

Pd 
(some Te and T i )  
( t r a c e  Fe, Mo) 

Z r 
( t r a c e  U, .Si )  

Amorphous z e o l i t e  Na, Cs, Al ,  S i  10 
(Na, Cs) alumino- ( t r a c e  T i ,  U, Fe, Mo, 
s i  1 i c a t e  Gd, Sr) 

- 

( a )  A t  l e a s t  e i g h t  more d i s t i n c t  phases have been detected by 
e l e c t r o n  d i f f r a c t  i o n  and/or x-ray cnergy-di spers ivc  
ana lys is .  These have n o t  been i d e n t i f i e d ,  bu t  most appear 
t o  be . t i t a n a t e s .  

Supercalcine. Table 7.12 l i s t s  t h e  composit ions and phases repo r ted  f o r  

supercalc ines SPC-2 and SPC-4 by McCar.thy e t  a l .  (1979). A recent  r e p o r t  by  

Lokken (1980) inc ludes  heat-treatment s tudies,  b u t  d i r e c t e d  more toward deter-  • 
min ing  optimum processing cond i t i ons  f o r  s i n t e r i n g  (i.e., i n i t i a l  c r y s t a l  

nuc l e a t i o n  and growth) r a t h e r  than assessing f u r t h e r  phase changes occu r r i ng  

d u r i n g  a d d i t i o n a l  heat t reatments a f t e r  processing. The thermal s t a b i l i t y .  

da ta  repor ted  by McCarthy (1976) were f rom 120o0C heat treatments, where the  

phase changes occur because o f  vapor izat ion.  Th is  work d i d  show t h a t  t h e  po l -  

l u c i t e  phase i s  uns tab le  i n  t he  presence o f  SrRuOyat 1200 '~ .  As cesium and 

ruthenium are v o l a t i l i z e d ,  then t h e  CsA1Si206 and SrRuOg conver t  t o  S r  A1 Si07 2 2 
and S r S i O j .  



TABLE 7.12. Compositions and Major ~ h i s e s  of ~ u ~ e r i a l ~ i  ne-ceramics,. 
w t %  (adapted from McCarthy e t  a1. 1979) 

Oxi de SP C- 2 - .  

Waste 

' '3'8 
ceo9 16.3 

Zr02 7.6 

Moo3 8.0 

'2'5 4.2 
B a0 2.4 

SrO 1.6 

RUO, 0.5 

Fe203 4.7 
C r 2 0 j  0.5 

NiO 0.2 

Ag20 
Addi ti ves 

C a0 4.9 

SrO 1.2 

A1203 4.4 ' 3.7 4.5 3.8 

Si02 19.1 " 15.9 17.6 14.7 

Waste l o a d i n g  70.5% 75.3% 73.2% 77.7% 

( a )  RE = La, Pr, Nd, Sm, Eu, Gd, Y ( p l u s  RE as a 
s tand - in  f o r  Am + Cm). 

. Superca lc i  ne C r y s t a l  1 i ne Phases 

Nominal Composit ion S t r u c t u r e  Type 

(ca,sr)2RE8(gio4)602 A p a t i t e  . 

~ o n a z i  t e  .' 
F l u o r i t e  
Pol  1 u c i  t e  

- - 

(Ca,Sr,Ba)MoOq Scheel i t e  
(Fe,Cr)203 Corundum 
(N i  ,Fe)(Fe,Cr),04 Sp ine l  

Rlrnf  R u t i  1 e 



SYNROC. SYNROC i s  ,a high-temperature, h i g h l y  c r y s t a l l i n e  ceramic waste 

fo rm proposed by Ringwood and Kesson (1979): Table 7.13 g ives the  composi- 

t i o n s  f o r  SYNROC A and B (Rusin 1980). SYNROC B, which i s  favored over A, i s  

composed o f  on l y  t h r e e  t i t a n a t e  phases: h o l l a n d i t e  (35%) ,  z i r c o n o l i t e  (31%), 

and pe rovsk i te  (22%). However, composi t ion  development work on t h i s  proposed 

waste fo rm i s  s t i l l  ,proceeding as Reeve e t  a l .  (1981) r e p o r t  t he  development 

o f  SYNROC C and Newkirk e t  al.. (1981) the  development of SYNROC D. But except 

f o r  hyd ro thema l  t e s t s ,  no thermal s t a b i l i t y  experiments have been repor ted 

f o r  any SY NROC composit ions . 
I 

TABLE 7.13. Composition o f  SYNROC A and SYNROC B 

SYNROC A SYNROC B ( ~ )  

Radwaste, w t %  10 10 

I n e r t  add i t i ves ,  w t %  90 9 0  

S i02  

T i02  

Z r O e  

2'3 
CaO 

BaO 

SrO 

N i 0 

Coir~pus.i l i uri u f  I n e r t  Add l t lves,  w t %  
13 - - 
33 6014 

10 9.9 

16 11 .O 

6 13,9 
17 4.2 
- - - - 
- - 0.6 

Na20 - - - - 

K2° 5 
- - I  

Minera l  s t r u c t u r e s  "Hol landi te,"  perovsk i te ,  "Ho l land i te , "  
z i r c o n o l i t e ,  Ba-felspar,  perovsk i te ,  
k a l s i  l i t e ,  l e u c i t e  z i r c o n o l i t e  

(a )  "Ho l l  and i t e "  35%, z i rcon01 i t e  31%, pe rovsk i te  22%, p lus  
a d d i t i o n a l  T i02  (7%) and A1203 (5%) requ i red  f o r  i nco r -  
p o r a t i o n  o f  radwaste components i n t o  SYNROC minerals .  



Cermet. Aaron, Quinby and Kobisk (1980) have repor ted development s tud ies  

on t h i s  c r y s t a l  1  i n e  waste-form. Pel1 e t s  o f  unspec i f ied  ceramic phases are 

embedded i n  a n i c k e l - i r o n  a l l o y  mat r ix .  At , .  t h i s  stage o f  'development no 

thermal s t a b i l i t y  data have been reported. 

7.2.1.3 Cementi t ious Forms 

Concrete. A recent  rev iew o f  concrete as a medium f o r  immobi l i z a t i o n  o f  

rad ioac t i ve  waste has been w r i t t e n  by Lokken (1978). Several o the r  s tud ies  

have been publ ished s ince  then ( W i t t e  and Koster  1979; Roy e t  a l .  1979; 

Jantzen and Glasser 1979) ; however, no phase c h a r a c t e r i z a t i o n  i s  reported. 

Thermal s t a b i l i t y  s tud ies  o f  concrete have t y p i c a l l y  been l i m i t e d  t o  evalua- 

t i o n  o f  water losse; f rom the  cured waste form much as i n  Stone (1979). The 

t o p i c  o f  "cur ing"  t h e  concrete as app l ied  t o  waste f i x a t i o n  lacks  q u a n t i t a t i v e  

data i n  terms o f  fo rmat ion  k i n e t i c s ,  and t h e r e  are no data  repor ted  on thermal 

phase t rans format ions  t h a t  occur a f t e r  cur ing.  

Wald e t  a l .  (1980) have i d e n t i f i e d  Ca(OH)7 and Ca3Si05 as major c r y s t a l -  

l i n e  phases occu r r i ng  i n  two Por t land type I 1  cements used f o r  waste immobi l i -  

za t ion .  The f i r s t  cement was prepared w i t h  10% PW-9 c a l c i n e  and t h e  second 

w i t h  10% SPC-5B supercalc ine.  

FUETAP and Hot-Pressed Concrete. A . spec ia l  . ca tegory  o f  ,concretes has 

been i nves t i ga ted  as repor ted by Moore e t  a l .  (1979). These are  concretes 
. . 

formed under el'evated temperature and pressure  (FUETAP). A s imi  l a r  approach - - - - 
i n v o l v i n g  hot-pressed concrete has been repor ted by Roy and Gouda (1978). 

While the  e f f e c t s  o f  a heat  t reatment  on phys i ca l  s t reng th  are repo r ted  f o r  

several hot-pressed concretes (see Sect ion 7 . 2 . 2 . 3 ) ,  t h e r e  are no k i n e t i c  o r  

phase-transformat i on  data av a i  1  able. 

7.2.2 Heat-Treatment ~ f f e c t s  on P roper t i es  

7.2.2.1. G l  ass Ceramics 

Increases i n  leach r a t e  by a fac to r  o f  two (Lutze e t  a l .  1979) o r  f i v e  

(Malow e t  a l .  1980) r e s u l t  when extended heat treatment o f  t he  glass-ceramic 

causes m i c r o s t r u c t u r a l  coarsening. The ingrowth o f  new phases can cause a 

corresponding increase i n  leach r a t e  i f  the  new phase e i t h e r  i s  so lub le  o r  



leaves the residual glass more susceptible to attack. The leach rate of glass- 

ceramic P-50 (Table 7.9, Oguino et al. 1979) increases as NaAISiOq forms. 

This phase depletes the residual glass of aluminum, and the boron-enriched 

residual glass becomes less leach-resistant as this crystalline phase forms. 

7.2.2.2 Hiah-Tem~erature Ceramics 

Changes in materials properties after heat-treatment have essentially not 

been studied except with respect to phase changes associated with volatility 

losses, as mentioned in the previous section. The importance of these changes 

with respect to other properties, such as leach rate, have not been studied. 

7.2.2.3 Cementitious Forms 

Portland type I1 cements with 10% PW-9,calcine increase in density as 

water is evolved, as Figure 7.14 shows. Lokken (1978) reports that heat- 

treatment at > 3 0 0 ° ~  results in a gradual loss of compressive strength (up to 

80% loss) after an initial increase. A loss of about 25% of the compressive 

strength of concrete was also reported when it was heat-treated at 100'~ for 

3 months (Lokken 1978). 

Hot-pressed concretes were reported by Roy and Gouda (1978) to retain 

their original strength even after prolonged heat treatment (28 days at 230'~). 

No other effects on properties attributable to heat treatment of concrete have 

been reported. 
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FIGURE 7.14. Bulk Dens i ty  Changes and Sample % Weight Loss as a 
Func t ion  o f  Temperature f o r  Po r t l and  Type I1  Cement 

' ( w i t h  10% PW-9 c a l c i n e )  Annealed 4 Days 
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